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ABSTRACT
A method was developed f o r  the  d i r e c t  d e te rm in a tio n  
o f cadmium in  b io lo g ic a l  m a te r ia ls .  D eterm ination  o f 
m eta ls  in  b io lo g ic a l  sam ples was made d i f f i c u l t  by th e  
low c o n c e n tra tio n , the  complex m a tr ix , and th e  sm all 
amount o f sample g e n e ra lly  a v a i la b le .  C urren t methods 
fo r  th i s  type o f a n a ly s is  in v o lv e  e i t h e r  a w e t-ash in g  
o r  a  d ry -a sh in g  s te p  to  b reak  down the  o rg an ic  m a trix  
and c o n c e n tra te  the m e ta ls  p re s e n t .  These p ro ced u res  
o f te n  cause p o s i t iv e  a n d /o r  n e g a tiv e  e r r o r s  due to  
con tam ination  of th e  sample o r lo s s  o f th e  m eta l o f 
i n t e r e s t .
The d e sc rib e d  method avoided th e se  so u rces  o f 
e r r o r  by e l im in a tin g  sample p re tre a tm e n t s te p s .  The 
method made use o f a  unique carbon bed a to m ize r f o r  
e le c tro th e rm a l atom ic a b so rp tio n  sp ec tro sco p y . A 
sample in tro d u ce d  onto  the  h e a ted  carbon bed was com plete ly  
decomposed and atom ized b e fo re  be in g  drawn th rough  th e  
l ig h tp a th ,  where atom ic a b so rp tio n  was reco rd ed . Use 
o f th e  carbon bed a to m ize r e f f i c i e n t l y  broke down th e  
o rg a n ic  m a trix  o f b io lo g ic a l  sam ples, th ereb y  red u c in g  
background a b so rp tio n  and e l im in a tin g  th e  need fo r  
p rev io u s  ash ing  s te p s .  The s e n s i t i v i t y  o f th e  method 
(app rox im ate ly  1 0 “ 1 3  g) was s u f f i c i e n t  so th a t  p re ­
c o n c e n tra tio n  o f th e  sample was u n n ecessary .
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Use o f the carbon bed a to m izer was a p p lie d  to  a 
s tu d y  o f th e  cadmium c o n c e n tra tio n s  in  whole b lo o d , 
u r in e ,  p e r s p i r a t io n ,  h a i r ,  and b re a th  sam ples c o l le c te d  
from a p o p u la tio n  n o t o c c u p a tio n a lly  exposed to  th e  
m e ta l. L iqu id  sam ples were in tro d u c e d  in to  th e  a to m izer 
by p la c in g  1 p i on a  6 -mm f i l t e r  pap er d is k .  This 
techn ique  im m obilized th e  sample and promoted com plete 
d e g rad a tio n  o f the m a tr ix . Background s ig n a ls  were 
reduced to  app rox im ate ly  6 - 8 % a b s o rp tio n . H a ir  sam ples 
were analyzed  by dropping  1 -cm segm ents onto  the su rfa c e  
of th e  h o t carbon bed . B reath  sam ples were c o l le c te d  
by p u l l in g  the  sample through a bed composed o f 
a c t iv a te d  carbon.
Data were c o l le c te d  in d ic a t in g  th e  average  cadmium 
c o n c e n tra tio n  and th e  range and d i s t r i b u t io n  o f cadmium 
v a lu e s  in  b lo o d , u r in e ,  sw eat, and h a i r  f o r  a non­
exposed p o p u la tio n . Data a lso  were c o l le c te d  i l l u s t r a t i n g  
in d iv id u a l  v a r ia t io n s  in  th e  cadmium c o n c e n tra tio n  o f 
u r in e ,  sw ea t, and h a i r .  Comparisons were made between 
th e  cadmium c o n c e n tra tio n s  o f  two o r more o f  th e se  
e x c re to ry  t i s s u e s  f o r  in d iv id u a ls .  E s tim a te s  o f the  
average d a i ly  e x c re t io n  o f cadmium th rough  each o f th e se  
t i s s u e s  were c a lc u la te d .  The t o t a l  d a i ly  e x c re t io n  o f 
cadmium from th e  body was e s tim a te d  to  be 180 pg /day , 
which was ap p rox im ate ly  eq u a l to  th e  d a i ly  in ta k e .  The 
r e s u l t s  in d ic a te d  th a t  th e  h a l f - l i f e  o f cadmium in  th e
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human body i s  c o n s id e ra b ly  l e s s  than  20-40 y e a r s ,  as i s  
re p o r te d  in  th e  l i t e r a t u r e .
There has been an in c re a s in g  demand fo r  a n a ly t ic a l  
tech n iq u es  which p ro v id e  n o t only  t o t a l  m eta l a n a ly s is ,  
b u t a ls o  d i f f e r e n t i a t e  between v a r io u s  m eta l compounds. 
Such te ch n iq u es  would p ro v id e  in fo rm a tio n  on th e  chem ical 
form o f  a m e ta l in  a sam ple, which has p a r t i c u la r  
s ig n if ic a n c e  in  to x ic o lo g ic a l  and en v iro n m en ta l s tu d ie s .
A tech n iq u e  was developed which used a d u a l-s ta g e  
a to m ize r f o r  atom ic a b so rp tio n  sp ec tro sco p y  to  d is t in g u is h  
betw een d i f f e r e n t  chem ical forms o f m e ta ls . The f i r s t  
s ta g e ,  c o n s is t in g  o f a  p la tin u m  w ire  lo o p , was g ra d u a lly  
in c re a se d  in  tem p era tu re  to  v ap o rize  d i f f e r e n t  forms 
of a m eta l a t  t h e i r  c h a r a c t e r i s t i c  te m p e ra tu re s . The 
second s ta g e ,  which was th e  carbon bed , was m ain ta in ed  
h o t to  atom ize the  vaporous m e ta l l ic  s p e c ie s .
A bsorp tion  t r a c e s  were o b ta in e d  fo r  s o lu t io n s  o f 
v a r io u s  lead  and cadmium compounds u s in g  th e  p la tin u m  
loop a p p a ra tu s . T races a ls o  were o b ta in ed  fo r  le a d  and 
cadmium in  whole b lo o d . D iffe re n c e s  were observed  in  
th e  a b so rp tio n  s p e c t r a  o f th e  v a r io u s  sam ples.
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GENERAL INTRODUCTION
In  th e  p a s t  c e n tu ry ,  man has exper ienced  a g r e a t  in c r e a s e  
in  s o p h i s t i c a t i o n  i n  many a re a s  o f s c ie n c e  and techno logy . 
T echno log ica l advancements have a f f e c te d  f i e l d s  from mechanics 
to  m edicine and from psychology to  p h y s ic s .  Machines now 
do most o f  man's p h y s ic a l  la b o r ;  indeed , computers perform  
many o f  h i s  m ental c a l c u l a t i o n s .  Advances in  b io lo g y  and 
medicine have in c re a se d  man's u n d ers tan d in g  o f  many d is e a se s  
as w e l l  as o f  the b o d y 's  response  to  i n f e c t io n .  In  f a c t ,  
e n t i r e l y  new s c i e n t i f i c  f i e l d s ,  such as g e n e t ic  en g in e e r in g  
o r  m ic ro p ro cesso r  e l e c t r o n i c s ,  have developed as man's 
knowledge and in v e n t iv e n e ss  have expanded.
U n fo r tu n a te ly ,  te c h n o lo g ic a l  advancement has b rought 
w ith  i t  problems as  w e l l  as b e n e f i t s .  Man has  used 
n a t u r e 's  re so u rc e s  w ith  l i t t l e  re g a rd  f o r  th e  q u a n t i ty  
and q u a l i t y  o f  th e se  re so u rc e s .  P o l lu t io n  o f the  e n v iro n ­
ment has in c re a s e d ,  pos ing  dangers to  v e g e ta t io n ,  animal 
l i f e ,  and to  man h im s e l f .  The p a s t  s e v e ra l  decades have seen 
th e  development and m anufacture of many new chem icals ;  
th e se  chem icals a re  used in  a wide v a r i e t y  of p ro d u c ts ,  
in c lu d in g  f e r t i l i z e r s ,  i n s e c t i c i d e s ,  drugs and co sm e tic s ,  
p l a s t i c s ,  t e x t i l e s ,  and even foods. As a r e s u l t ,  man and 
h i s  environment a re  exposed d a i ly  to  an in c r e a s in g  number 
o f  p o o r ly  u n ders tood  and p o t e n t i a l l y  to x ic  compounds.
Awareness o f  and concern f o r  t h i s  problem have in c re a se d
1
2in  re c e n t  y e a r s .  The Food and Drug A d m in is tra t io n ,  
O ccupational S a fe ty  and H ealth  A d m in is tra t io n ,  and Environ­
m ental P r o te c t io n  Agency have en ac ted  numerous r e g u la t io n s  
concern ing  the  " s a f e "  or a l lo w ab le  l i m i t s  fo r  many 
chem ica ls .  The l i s t  o f  c o n t r o l l e d  chem icals  grows s t e a d i l y ;  
however, the  number o f  new chem icals  in c r e a s e s  as w e l l ,  
o f te n  a t  a f a s t e r  r a t e .
The s a t i s f a c t o r y  c o n t ro l  of chem icals  r e q u i re s  a 
knowledge and unders tan d in g  o f  the  chem ical i t s e l f  as w e l l  
as of i t s  to x ic  e f f e c t s .  In  o rd e r  to  g a in  t h i s  knowledge, 
i t  i s  n ec e ssa ry  f i r s t  to  have some means o f  i s o l a t i n g ,  
id e n t i f y i n g ,  and q u a n t i fy in g  th e  compound o f i n t e r e s t .
This i s  th e  ch a llen g e  fa c in g  the modern-day a n a l y t i c a l  
chem ist.  The ch a llen g e  i s  b road  and d i f f i c u l t ;  n o t only 
must th e  chemist i d e n t i f y  and q u a n t i fy  sm all q u a n t i t i e s  o f  
th e se  chem ica ls ,  b u t  he must do so in  a wide v a r i e t y  o f 
sample m a tr ic e s  t h a t  a re  o f te n  complex.
Chemical compounds may be b ro ad ly  d iv id ed  in to  th re e  
c a te g o r ie s :  o rg a n ic ,  o rg a n o m e ta l l ic ,  and in o rg a n ic .  The
re se a rc h  d e sc r ib e d  in  t h i s  d i s s e r t a t i o n  d id  n o t d e a l  w ith  
o rg a n ic  compounds. This r e se a rc h  invo lved  m eta ls  and m e ta l l i c  
compounds.
1. Metal T o x ic i ty
Among the  chem ical su b s tan ces  t h a t  have aroused  
concern f o r  t h e i r  to x ic  e f f e c t s  a re  many m e ta ls  and t h e i r  
compounds. M etals have been known and w id e ly -u sed  fo r
3c e n tu r i e s ;  in deed , th e  t o x i c i t y  o f  some m e ta ls  and t h e i r  
compounds has  been r e a l i z e d  from th e  beg inn ing  o f  t h e i r  
u t i l i z a t i o n . 1 For example, a r s e n ic  i s  h i s t o r i c a l l y  the  most 
im portan t po ison . I t  i s  now known to  a c t  by i n h i b i t i n g  
s u lfh y d ry l  enzymes t h a t  a re  n ec e ssa ry  in  m etabolism . Lead 
and mercury, a l s o ,  have long been known as  i n d u s t r i a l  and 
environm enta l to x in s .  Lead can cause l i v e r  and kidney 
damage, p a r a l y s i s ,  and nervous system d i s o r d e r s ,  w hile  
mercury i s  well-known fo r  i t s  inducement o f  trem ors and 
psy ch ic  a b n o rm a l i t ie s .
In a d d i t io n  to  the  more widely-known m eta l to x in s ,  
many o th e r  common m e ta ls  have been shown to  have adverse 
e f f e c t s  in  m an.* Chromium can cause d e r m a t i t i s  and can ce r ;  
manganese induces m uscular  d i s o r d e r s ,  Cadmium has been 
shown to  cause g a s t r o i n t e s t i n a l  d i s t r e s s ,  i r r i t a t i o n  of 
th e  r e s p i r a to r y  t r a c t ,  l i v e r  and kidney damage, and p o s s ib ly  
h y p e r te n s io n .  Vanadium induces anemia and mucous membrane 
i r r i t a t i o n .  Even aluminum can cause pulmonary d iso rd e r s  
i f  in h a le d .  Often the chemical form of the  m eta l  w i l l  
in f lu e n c e  i t s  t o x ic  e f f e c t s .
M etals a re  w id e ly -u sed  in  numerous m anufac tu ring  
i n d u s t r i e s .  There thus has been a growing concern f o r  
the l e v e l s  of m eta ls  and m e ta l  compounds in  th e  w orkplace . 
I n c re a s in g ly ,  a t te m p ts  a re  b e in g  made to  m onitor as c lo s e ly  
as p o s s ib le  th e  a c tu a l  exposure o f th e  worker to  th ese  
to x in s .  F req u en tly  t h i s  r e q u i r e s  cumbersome and inco n -
v e n ie n t  equipment f o r  c o l l e c t i o n  o f  a i r  samples which must 
be worn o r c a r r i e d  by th e  employee during  working h o u rs .
Such m on ito ring  p r a c t i c e s  are  o f te n  im p ra c t ic a l  and uncom­
f o r t a b l e .  In  a d d i t io n ,  samples c o l le c te d  in  t h i s  manner 
measure th e  m eta ls  p re se n t  in  th e  atmosphere around the  
w orker, bu t do no t take  in to  account th e  a b so rp t io n  
e f f i c i e n c y ,  r e t e n t io n ,  or e x c re t io n  o f  th ese  chem icals by 
th e  human body. Since the t o x i c i t y  o f a m eta l o r  compound 
w i l l  u l t im a te ly  depend on i t s  c o n c e n tra t io n  w i th in  the  
body, an i d e a l  m on ito ring  p rocedure  would d i r e c t l y  measure 
t h i s  c o n c e n tra t io n .  There i s ,  t h e r e f o r e ,  an in c r e a s in g  
demand fo r  a n a l y t i c a l  techn iques  to  determ ine m eta ls  and 
o th e r  to x in s  in  b io lo g ic a l  m a te r ia l .  Few such methods a re  
c u r r e n t ly  a v a i l a b l e .
2. A n a ly t ic a l  Problems in  th e  D eterm ination  o f  M etals 
in  B io lo g ic a l  Samples
A nalys is  o f  b io lo g i c a l  m a te r ia l  p r e s e n ts  s e v e ra l  
unique problems f o r  any a n a l y t i c a l  tech n iq u e ,  in c lu d in g  
th e  d e te rm in a tio n  o f  m e ta ls .  These problems may be 
g e n e ra l ly  a t t r i b u t e d  to  th re e  f a c t o r s .
The f i r s t  f a c t o r  which makes th e  d e te rm in a tio n  o f  m eta ls  
in  b io lo g ic a l  m a te r ia l  d i f f i c u l t  i s  the  f a c t  t h a t  th e  
c o n c e n tra t io n  o f many e lem ents  in  such samples i s  very  low. 
The c o n c e n tra t io n  o f  most m eta l to x in s  in  b lood , f o r  
example, i s  w i th in  th e  p a r t - p e r - m i l l i o n  (ppm) o r  even p a r t -  
p e r - b i l l i o n  (ppb) range , depending on th e  e lem ent. Because
of t h i s ,  most a n a l y t i c a l  p rocedures  r e q u i re  p re c o n c e n tra t io n  
s te p s  in  o rd e r  to  determ ine the  amount o f  m eta l p r e s e n t .
Of co u rse ,  such t re a tm e n t  o f  th e  sample in c lu d e s  th e  r i s k  
o f  con tam ination  from th e  re a g e n ts  added. Loss o f  some 
o f  th e  elem ent o f  i n t e r e s t  a lso  i s  p o s s ib le  i f ,  f o r  example, 
e x t r a c t i o n  p rocedures  o r column chromatography i s  used.
A n a ly s is  o f b i o l o g i c a l  samples a lso  i s  made d i f f i c u l t  
because o f te n  only  l im i t e d  sample i s  a v a i l a b l e .  In th e  
a n a ly s is  o f  b lood o r  u r in e ,  sample s iz e  i s  sometimes only 
a few m i l l i l i t e r s ;  t i s s u e  samples a re  o f te n  only  a few 
m il l ig ra m s .  The a n a l y t i c a l  techn ique  used , th e r e f o r e ,  must 
p o ssess  s u f f i c i e n t  s e n s i t i v i t y  to  a llow  a c c u ra te  a n a ly s is  
on very  sm all amounts o f sample.
A t h i r d  f a c t o r  which causes  d i f f i c u l t i e s  in  th e  
a n a ly s i s  o f  b i o l o g i c a l  m a te r ia l  i s  th e  complex m a tr ix .
Most b io lo g i c a l  samples c o n ta in  la rg e  amounts o f  o rg an ic  
m a te r ia l  such as p r o t e in s ,  c a rb o h y d ra te s ,  and l i p i d s  t h a t  
have a wide range o f  m o lecu la r  w e ig h ts .  Numerous in o rg a n ic  
compounds a lso  a re  p r e s e n t ,  such as NaCl, KC1, NaHC0 3 , and 
CaCl2 - Often th e se  c o n s t i tu e n t s  i n t e r f e r e  in  the  
a n a ly s is  f o r  t r a c e  m e ta ls .  Because o f t h i s ,  many a n a l y t i c a l  
p rocedures  r e q u i re  an i n i t i a l  w e t-a sh in g  o r  d ry -a sh in g  
s te p  in  o rd e r  to  decompose th e  m a tr ix  p r i o r  to  f i n a l  
a n a ly s i s .  These p rocedures  aga in  r i s k  con tam ination  from 
re a g e n ts ,  or l o s s ,  e s p e c i a l l y  o f v o l a t i l e  m eta ls  during  
d ry -a sh in g  s te p s .
Due to  the many d i f f i c u l t i e s  in  th e  a n a ly s is  o f  
b i o l o g i c a l  m a te r i a l ,  few a n a l y t i c a l  methods have been 
a v a i l a b le  to  a c c u r a te ly  determ ine m e ta ls  in  such samples.
A d i r e c t  method; t h a t  i s ,  one which r e q u i re s  no p r e t r e a t ­
ment o f  th e  sample, r a r e ly  has been r e p o r te d .  A d i r e c t  method 
i s  very  d e s i r a b le  f o r  s e v e ra l  re a so n s .  F i r s t ,  d i r e c t  
methods a re  f a s t e r  and much s im p le r  to  perform . The 
e l im in a t io n  of p re t re a tm e n t  s te p s  g r e a t ly  d ec rease s  the 
com plexity  of the  p rocedure .  At the  same tim e, d i r e c t  
tech n iq u es  e l im in a te  the many p o t e n t i a l  sou rces  o f con­
tam in a tio n  and e r r o r  a s s o c ia te d  w ith  p r e t r e a tm e n ts .  No 
re a g e n ts  a re  added to  the  sample; no sample i s  removed or 
t r a n s f e r r e d .  Another advantage in  a d i r e c t  method of 
a n a ly s is  i s  t h a t  no sample i s  l o s t  du ring  t r a n s f e r  or 
due to  h e a t in g .  D ire c t  methods, t h e r e f o r e ,  most s u c c e s s fu l ly  
avoid  both  p o s i t i v e  and n e g a t iv e  e r r o r s  a s s o c ia te d  w ith  
p re t re a tm e n t  s te p s .  U n fo r tu n a te ly ,  th e  a v a i l a b i l i t y  of 
such methods fo r  the  determ im ation  o f  m eta ls  in  b i o l o g i c a l  
samples has been ex trem ely  l im i te d .
3. Methods A v a ila b le  f o r  the D ete rm ina tion  o f M etals
There a re  s e v e ra l  a n a l y t i c a l  tech n iq u es  f o r  the  
d e te rm in a tio n  o f  m e ta ls ;  s e v e ra l  have been used in  the  
a n a ly s is  o f  b i o l o g i c a l  o r  env ironm enta l sam ples. The 
advantages and d isad v a n ta g es  o f th e se  tech n iq u es  a re  
d isc u s se d  in  the  fo llo w in g  s e c t io n s .
7a. C o lo r im e tr ic  Methods
Many m e ta ls  can be determ ined c o l o r im e t r i c a l l y .2 
The techn ique  i s  based  on th e  fo rm ation  o f  a co lo red  complex 
between the  element o f  i n t e r e s t  and, g e n e r a l ly ,  an o rg an ic  
r e a g e n t .  Some o rg an ic  re a g e n ts  s e l e c t i v e l y  complex m eta ls  
depending on th e  pH. By v a ry in g  th e  pH, th e se  re a g e n ts  
th e r e fo r e  may be used in  th e  c o lo r im e t r ic  d e te rm in a tio n  o f 
s e v e ra l  e lem en ts .  O ther re a g e n ts  are  s p e c i f i c  f o r  one 
e lem ent. Common c o lo r im e t r ic  re a g e n ts  in c lu d e  d ip h en y l-  
th io ca rb azo n e  ( d i t h i z o n e ) , used f o r  th e  d e te rm in a tio n  o f  
l e a d ,  cadmium, and z in c ;  s a l ic y la ld o x im e ,  f o r  th e  de term ina­
t io n  o f  copper; b e n z id in e ,  used to  determ ine le a d ,  go ld ,  
and manganese; 2 , 2 ' - d i q u i n o l y l  ( c u p r o in ) , which i s  s p e c i f i c  
f o r  Cu+ ; d im ethylglyoxim e, f o r  n ic k e l  a n a l y s i s ;  and 
a l i z a r i n ,  f o r  aluminum d e te rm in a t io n s .
C o lo r im e tr ic  p rocedures  a re  g e n e ra l ly  sim ple and 
in ex p en s iv e .  The major d isadvan tage  in  such tech n iq u es  
i s  th e  lack  o f  s e n s i t i v i t y .  C o lo r im e tr ic  tech n iq u es  
g e n e ra l ly  have a s e n s i t i v i t y  o f  1-10 ppm, which i s  i n s u f f i c i e n t  
f o r  th e  d e te rm in a tio n  o f  most m e ta ls  in  b i o l o g i c a l  m a te r ia l .  
C o lo r im e tr ic  te c h n iq u e s  a l s o  r e q u i r e  c o n s id e ra b le  time and 
s k i l l  f o r  a c c u ra te  a n a l y s i s ;  th e r e  a re  many chances fo r  
human e r r o r .
b . E le c tro c h e m ic a l  Methods
P olarography  and anodic  s t r i p p i n g  voltammetry 
have been used to  determ ine s e v e ra l  m e ta ls  in  b io lo g i c a l
m a t r i c e s . 3 Although the  s e n s i t i v i t y  o f  po larography  i s  
only on the  o rd e r  o f  a ppm, anodic  s t r i p p in g  can d e te c t  as 
l i t t l e  as 1 ppb o f  s e v e ra l  m e ta ls .  I t  i s  a l s o  p o s s ib le  to  
determ ine more than  one m e ta l  s im u ltan eo u s ly .  U n fo r tu n a te ly ,  
th ese  tech n iq u es  a re  s u s c e p t ib le  to  s e r io u s  m a tr ix  e f f e c t s .  
Samples and s ta n d a rd s  must be i d e n t i c a l ;  the  m a tr ix  a lso  
must be homogeneous. Ashing and s o lv a t io n  o f a b io lo g ic a l  
sample i s  t h e r e fo r e  re q u i re d .  Both po larography  and 
anodic s t r i p p i n g  a r e  a l s o  s u b je c t  to  i n t e r f e r e n c e s ;  i t  i s  
n ece ssa ry  th a t  any p o s s ib le  in t e r f e r e n c e s  in  th e  sample 
be known and removed p r io r  to  a n a ly s i s .  These tech n iq u es  
d e te c t  only  io n ic  m e ta ls ;  e lem ents  commonly determ ined by 
po larography  and anodic  s t r i p p i n g  in c lu d e  copper, cadmium, 
l e a d ,  i r o n ,  and z in c .
c. Neutron A c t iv a t io n  A n a ly s is  (NAA)
Neutron a c t i v a t i o n  i s  a very  s e n s i t i v e  techn ique  
f o r  a n a ly s is  of th o se  m e ta ls  which can be a c t iv a t e d .  No 
p re tre a tm e n t  o f  th e  sample i s  g e n e ra l ly  n e c e s sa ry .  In  the  
te c h n iq u e ,  the  sample i s  exposed to  n e u tro n s  which a re  
absorbed by many e lem ents  w i th in  th e  sample. A bsorp tion  
o f  an e x t r a  n eu tro n  g e n e ra l ly  makes an atom r a d io a c t iv e .
The r a d io a c t iv e  e lem ents  a re  then  i d e n t i f i e d  and q u a n t i f i e d  
based upon t h e i r  c h a r a c t e r i s t i c  em iss io n s  (u su a l ly  gamma 
r a y s ) .
There a re  some d isad v an tag es  to  n eu tro n  a c t i v a t i o n  
a n a ly s i s .  Some e lem ents  ( f o r  example, t i n  and i ro n )  a re
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a c t iv a t e d .  These e lem ents  cannot be e a s i l y  determ ined by 
NAA. Neutron a c t i v a t i o n  a lso  r e q u i r e s  a n eu tro n  so u rc e ,  
g e n e ra l ly  a n u c le a r  r e a c to r ,  which may no t be r e a d i ly  
a v a i l a b l e .  A s e r io u s  d isadvan tage  i s  th e  f a c t  t h a t  b io lo g i c a l  
samples o f te n  c o n ta in  many e lem ents  (such as sodium) which 
a re  very  e a s i l y  a c t i v a t e d ;  in te n s e  em iss ion  from th e se  
elem ents  o f te n  o v e r la p s  the  weaker em iss ion  o f  th e  t r a c e  
elem ents  b e ing  determ ined . Because o f t h i s ,  a d d i t i o n a l  
s e p a ra t io n  s te p s  must be employed to  i s o l a t e  th e  elem ents 
o f  i n t e r e s t  b e fo re  coun ting  th e  r a d i o a c t i v i t y  due to  th ese  
e lem en ts .
d. Atomic Emission
Atomic em iss ion  i s  a s e n s i t i v e  techn ique  fo r  
the  s im ultaneous d e te rm in a tio n  o f  numerous m e t a l s . 3 The 
method i s  based on th e  e x c i t a t i o n  o f  th e  e lem ents  in  th e  
sample us ing  an e l e c t r i c a l  d isch a rg e  or a plasma. The 
e x c i te d  atoms then  emit c h a r a c t e r i s t i c  w avelengths o f  l i g h t .  
S e n s i t i v i t i e s  o f  em iss ion  tech n iq u es  range from app ro x i­
m ately  a ppm, f o r  a r c  o r  spark  em iss io n ,  to  10-100 ppb fo r  
in d u c t iv e ly -c o u p le d  plasma em iss io n .
A s e r io u s  d isadvan tage  o f em iss ion  tech n iq u es  i s  t h a t  
they  a re  very  m a tr ix -d ep en d en t .  The e f f i c i e n c y  o f  e x c i t a ­
t i o n  o f  an elem ent depends on i t s  chem ical form in  th e  
sample. Samples and s ta n d a rd s  must t h e r e fo r e  be i d e n t i c a l ,  
and th e  m a tr ix  must be homogeneous. A lso , the  s e n s i t i v i t y
of th e  techn ique  v a r i e s  depending on th e  element and i t s  
e f f i c i e n c y  o f  e x c i t a t i o n .  Elements t h a t  em it in  th e  
v i s i b l e  r e g io n ,  such as th e  a l k a l i  m e ta ls ,  s t ro n t iu m , and 
manganese, may be e a s i l y  d e te c te d  us ing  atomic em iss ion , 
and d e te c t io n  l i m i t s  have been re p o r te d  th a t  a re  l e s s  than  
1 ppb. However, th e  techn ique  i s  r e l a t i v e l y  i n s e n s i t i v e  
fo r  o th e r  e lem ents  such as se len ium , m ercury, antimony, 
and go ld , which em it a t  s h o r t  w avelengths.
Another problem, which i s  e s p e c i a l l y  severe  w ith  
plasma em iss io n , i s  r a d i a t io n  in t e r f e r e n c e  due to  em ission 
w i th in  the so u rce .  C o rrec t io n  th e re fo re  must be made 
fo r  h igh  backgrounds. Atomic em iss ion  a l s o  r e q u i r e s  h ig h ly  
s k i l l e d  a n a ly s ts  and expensive equipment,
e . Atomic F luorescence
Atomic f lu o re sc e n c e  i s  based on r a d i a t io n  
e x c i t a t i o n  o f atoms o f  a s in g le  elem ent u s in g  an in te n s e  
l i n e  source  such as a l a s e r  o r  an e l e c t r o d e l e s s  d isch a rg e  
la m p .3 The atoms subseq u en tly  re -e m it  a c h a r a c t e r i s t i c  
wavelength of l i g h t  which i s  measured a t  r i g h t  ang les  to  
the  l i g h t  so u rce . The method i s  g e n e ra l ly  q u i t e  s e n s i t i v e  
(as  l i t t l e  as a ppb o f  s e v e r a l  m e ta ls  can be d e t e c t e d ) .
The prim ary problem in  atom ic f lu o re s c e n c e  i s  s c a t t e r e d  
l i g h t .  This can cause  a  h igh  and v a r i a b l e  background fo r  
which c o r r e c t io n  i s  d i f f i c u l t .  Atomic f lu o re s c e n c e  p o sse s se s  
a l l  th e  i n t e r f e r e n c e s  o f bo th  atomic em iss ion  and atomic 
a b s o rp t io n .
Elements f o r  which atomic f lu o re sc e n c e  i s  p a r t i c u l a r l y  
s e n s i t i v e  in c lu d e  z in c ,  calcium , and cadmium; a r s e n i c ,  gold 
and selenium  a re  d e te c te d  p o o r ly ,
f .  Atomic A bsorp tion
Atomic a b so rp t io n  spec tro sco p y  (AAS) has been 
the most w id e ly -u sed  techn ique  f o r  th e  d e te rm in a tio n  of 
m eta ls  in  b i o l o g i c a l  m a te r ia l s .  The techn ique  i s  based  on 
the  ab so rp t io n  o f a c h a r a c t e r i s t i c  wavelength  o f l i g h t  
by atoms o f  an e lem en t,  r e s u l t i n g  in  t h e i r  e x c i t a t i o n . 3 The 
amount of l i g h t  absorbed  depends on th e  c o n c e n tra t io n  o f 
the  e lem ent. Atoms are  produced e i t h e r  in  a flame o r  
in  a hea ted  carbon a to m ize r .  The s e n s i t i v i t y  o f  the  
techn ique  i s  t y p i c a l l y  about 1 ppm f o r  flame a tom izers  and 
1 ppb o r l e s s  f o r  carbon a to m ize rs .
Atomic a b s o rp t io n  has th e  advantage o f b e ing  w idely  
a p p l ic a b le  to  a l l  m e ta ls .  I t  a lso  i s  r e l a t i v e l y  f r e e  from 
in t e r f e r e n c e s .  S p e c t ra l  i n t e r f e r e n c e s ;  t h a t  i s ,  over lap  
o f the  a b so rp t io n  l i n e s  o f  two o r  more e lem en ts ,  a re  r a r e .  
I n te r f e r e n c e s  due to  m o lecu la r  a b so rp t io n  o r  em iss ion  in  
the  a to m ize r  a re  accomodated by background c o r r e c t io n  and 
m odulation . Chemical i n t e r f e r e n c e s  e x i s t  in  AAS, b u t  can be 
minimized by th e  use o f a carbon a to m ize r  in  which sample 
breakdown and a to m iz a t io n  i s  very  e f f i c i e n t .
Atomic a b so rp t io n  i s  co n s id e red  to  be th e  most a c c u ra te  
method f o r  ro u t in e  m eta l d e te rm in a t io n s .  I t  i s  a r e l a t i v e l y  
sim ple techn ique  t h a t ,  as a r u l e ,  does n o t r e q u i re  h ig h ly
12
s k i l l e d  a n a ly s t s .  In  a d d i t io n ,  the  equipment n e c e ssa ry  i s  
r e a d i ly  a v a i l a b le  and com para tive ly  in ex p en s iv e .
The development o f  carbon a tom izers  has ex tended the  
use o f atom ic a b s o rp t io n  to  many types  o f  sam ples, in c lu d in g  
b i o l o g i c a l  m a te r i a l .  Such samples can be more e f f i c i e n t l y  
decomposed and atom ized u s ing  a g ra p h i te  fu rnace  than  i s  
p o s s ib le  u s ing  a flam e. Because o f  the  many advan tages ,
AAS has been th e  most w id e ly -u sed  techn ique  f o r  th e  a n a ly s is  
o f  b i o l o g i c a l  m a t te r .  U n fo r tu n a te ly ,  p u b lish e d  methods 
o f te n  have in c lu d ed  e la b o r a te  w e t-a sh in g  o r d ry -a sh in g  s te p s  to  
decompose the  o rg an ic  m a tr ix  p r i o r  to  a to m iz a t io n .  These 
s te p s  no t only  com plica te  the  a n a l y s i s ,  b u t  they  in tro d u c e  
genuine r i s k s  o f con tam ina tion  o f  th e  sample o r  lo s s  of 
th e  m etal o f  i n t e r e s t .  In t h i s  r e s e a r c h ,  a method has been 
developed f o r  th e  d i r e c t  d e te rm in a tio n  o f  m e ta ls  in  b io ­
lo g i c a l  samples u s ing  a carbon a to m ize r  f o r  atom ic abso rp ­
t i o n  sp ec tro sco p y .
The h i s t o r i c a l  development o f the  techn ique  o f AAS i s  
b r i e f l y  d isc u s se d  in  the  n ex t  s e c t io n .
4. H i s t o r i c a l  Development o f  Atomic A bsorp tion  Spectroscopy 
Atomic a b s o rp t io n  i s  a r e l a t i v e l y  young tec h n iq u e .
I t  was f i r s t  in t ro d u c e d  by Walsh in  1955.4 The techn ique  i s  based 
on the  a b s o rp t io n  o f  a c h a r a c t e r i s t i c  frequency o f  l i g h t  
( th e  resonance freq u en cy , v) by f r e e  atoms o f  th e  elem ent of 
i n t e r e s t .  The f a c to r s  a f f e c t i n g  th e  t o t a l  amount o f abso rp ­
t i o n  a re  ex p ressed  in  th e  fundam ental eq u a t io n  o f  atom ic
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a b s o rp t io n  (E quation  l ) . 5
?Kvdv -  —  Nf (1)meo
w here:
^K vdv  = t o t a l  a b s o rp t io n  over th e  a b s o rp t io n  band 
e = charge o f  an e le c t r o n  
m = mass o f  an e le c t r o n  
c = speed o f  l i g h t
N = t o t a l  number o f  atoms t h a t  can absorb th e  frequency 
o f l i g h t  v
f  = th e  o s c i l l a t o r  s t r e n g th  a t  frequency v.
I t  can be seen from the  above eq u a tio n  t h a t  a l l  th e  
f a c t o r s  a f f e c t i n g  the amount o f  a b so rp t io n  a re  c o n s ta n ts  
excep t N, th e  number o f  f r e e  atoms a v a i l a b le  which can 
absorb a t  frequency v. Thus, w h ile  f  i s  the  a b so lu te  
l im i t in g  f a c t o r  fo r  th e  s e n s i t i v i t y  o f  atomic a b s o rp t io n ,  
f o r  a s p e c i f i c  element th e  s iz e  o f  th e  s ig n a l  i s  determ ined 
by N, th e  number o f f r e e  atoms produced in  th e  a to m ize r .  I t  
fo llow s th a t  the e f f i c i e n c y  o f  th e  method o f producing  
f r e e  atoms d u r in g  sample a n a ly s i s  w i l l  determ ine the  
p r a c t i c a l  s e n s i t i v i t y ,  and thus  the  u s e fu ln e s s ,  o f  th e  
tech n iq u e .
U n t i l  the  l a t e  1 9 6 0 's ,  v i r t u a l l y  a l l  a to m ize rs  used in  
atomic a b so rp t io n  were f lam es. Flame a to m ize rs  y ie ld e d  a 
s e n s i t i v i t y 6 o f  approx im ate ly  10“ 7 grams, w i th in  th e  p a r t -
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p e r - m i l l lo n  ran g e , which was n o t  low enough f o r  a n a ly s is  
o f  most env ironm en ta l  and b io lo g i c a l  samples. T h e o re t ic a l  
c a l c u l a t i o n s 7 showed t h a t  approxim ate ly  10“ 16 grams o f  an 
element (107 atoms) should  give 1% a b so rp t io n .  Obviously 
more e f f i c i e n c y  in  a to m iz a t io n  was n ecessa ry  in  o rd e r  to  
advance th e  s e n s i t i v i t y  o f the  method. A s i g n i f i c a n t  
b reak th rough  in  atom ic a b so rp t io n  o ccu rred  w ith  th e  develop­
ment o f  th e  carbon a to m ize r  by L’vov8 in  1961. G raphite  
a tom izers  dem onstra ted  much g r e a t e r  s e n s i t i v i t y , 6 on the 
o rd e r  of 10“ 10 to  1 0 " 12 grams o f  an element f o r  1% absorp ­
t i o n ,  b u t  s u f f e r e d  from a lack  o f p r e c i s io n  and accuracy .
Due to  th e se  prob lem s, i t  was no t u n t i l  1969 th a t  wide­
sp read  i n t e r e s t  was awakened in  carbon fu rnace  atomic 
a b s o rp t io n  sp e c tro sc o p y .  In t h a t  y e a r ,  two new des ig n s  in  
g ra p h i te  fu rn a c e s  were p re se n te d  a t  the  I n te r n a t i o n a l  
Atomic A bsorp tion  Conference in  S h e f f i e ld ,  England, one 
by West9 and th e  o th e r  by R o b in so n .10 Another m o d if ica ­
t io n  was proposed by Massman.*1» The West and Massman 
a to m ize rs  were su b seq u en tly  adap ted  f o r  use in  commercial 
atomic a b s o rp t io n  sp ec tro p h o to m e te rs .
Commercial g r a p h i te  fu rn aces  a l l  o p e ra te  by th e  passage 
o f  a h igh  c u r re n t  th rough  th e  carbon p ie c e ,  caus ing  r e s i s ­
tan ce  h e a t in g  which decomposes and atom izes th e  sample. 
U n fo r tu n a te ly ,  i f  d e g ra d a t io n  o f  th e  sample m a tr ix  i s  
incom ple te ,  t h i s  cau ses  c o n s id e ra b le  i n t e r f e r e n c e  due to  
m o lecu la r  a b s o rp t io n .  Commercial carbon a to m ize rs  e s p e c i a l l y
s u f f e r  from t h i s  problem due to  the  f a c t  t h a t  decom position 
and a to m iza tio n  take  p lace  w ith in  th e  l i g h t  p a th .  There­
f o r e ,  a  t h r e e - s t e p  a to m iza t io n  program i s  g e n e ra l ly  fo llow ed 
u s in g  commercial sp ec tro p h o to m e te rs .  The f i r s t  s te p  
in v o lv es  e v a p o ra t io n  o f th e  so lv e n t  a t  a r e l a t i v e l y  low 
tem pera tu re  (approx im ate ly  100°C). This i s  fo llow ed by an 
ash in g  s t e p ,  w herein  the  sample m a tr ix  i s  decomposed a t  a 
medium tem pera tu re  (300°-500°C ). F in a l ly ,  a to m iza tio n  i s  
accom plished as th e  a to m ize r  i s  r a p id ly  h e a ted  to  a h igh  
tem pera tu re  o f between 600° and 2200°C. A bsorp tion  i s  
reco rded  du ring  t h i s  l a s t  s te p ,  always w ith  s im ultaneous 
background c o r r e c t io n .  The p r e c i s e  tem p era tu res  used a t  
each s ta g e  and the tim es fo r  which they  a re  a p p l ie d  depends 
on th e  sample and on th e  elem ent b e ing  determ ined . Although 
t h i s  method r e q u i r e s  p r e c i s e  programming o f  bo th  time and 
tem p era tu re  c y c le s ,  th e  techn ique  has  been developed to  a 
h igh  degree of r e p r o d u c i b i l i t y . 6
The m ajo r, and indeed a very im p o rta n t ,  drawback to  
t h i s  a to m iza tio n  p ro c e ss  i s  t h a t  s i g n i f i c a n t  lo s s e s  of 
v o l a t i l e  m e ta ls  occur during  the  d ry in g  and ash ing  
s t a g e s ,  caus ing  low r e s u l t s . 5 ’ 13
5. Advantages o f the  Quartz "T" Atomizer
The problem o f  v a p o r iz a t io n  l o s s e s ,  a long w ith  the  
inconvenience o f a t im e -te m p e ra tu re  program, i s  avoided in  
the  Robinson carbon bed a to m iz e r ,5 i l l u s t r a t e d  in  F igure  1. 
This i s  th e  a to m ize r  des ig n  used f o r  th e  r e se a rc h  re p o r te d
FIGURE I
QUARTZ ATOMIZER CEIL
(Reference 10^; used by pe rm iss ion)
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i n  t h i s  d i s s e r t a t i o n .  The a tom izer  c o n s is te d  o f a q u a r tz  
"T"-shaped a b so rp t io n  c e l l .  The v e r t i c a l  neck o f  th e  "T" 
was f i t t e d  w ith  a q u a r tz  in n e r  s le e v e  packed w ith  carbon 
p ie c e s ;  t h i s  was th e  s i t e  o f sample breakdown and atom iza­
t i o n .  The l i g h t p a t h ,  which was th e  c ro ssp ie c e  o f  th e  "T", 
was s e p a ra te d  from th e  a to m iza tio n  s i t e  and m ain ta ined  a t  
approx im ate ly  900°C by means o f  r e s i s t a n c e  h e a t in g .  The 
carbon bed was h e a te d  to  a tem pera tu re  o f 1450° to  1500°C 
by coup ling  to  a rad io freq u en cy  g e n e ra to r .  A vacuum pump 
connected to  e x i t  p o r t s  from th e  l i g h tp a th  m a in ta ined  a 
co n s ta n t  a i r  flow through th e  carbon bed. A sample i n t r o ­
duced onto the  carbon bed was thus  drawn through th e  bed 
a t  a r e l a t i v e l y  slow r a t e ,  a l low ing  complete decom position 
and a to m iz a tio n  b e fo re  the sample e lem ents  were drawn in to  
the  l i g h t  p a th .
Oxygen in  th e  a i r  r e a c t s  w ith  th e  carbon bed acco rd in g  
to  the  fo llo w in g  e q u a t i o n s .14
3/202 + 2C -*■ C02 + CO (2)
C02 900 -C ■> CO + 0 (3)
At tem p era tu re s  over 900°C, Equation  3 was fa v o re d ,  
p roducing  an abundance o f  CO in  th e  carbon bed . Carbon 
monoxide, to g e th e r  w ith  oxygen from the a i r ,  p rov ided  a 
reduc ing  atmosphere in  which o rg an ic  components were reduced 
to  CO and H2 , which have only minimum absorbance in
the  u l t r a v i o l e t  re g io n .  M olecular background a b s o rp t io n  was 
th e r e fo r e  minimized. M etal compounds were reduced to  t h e i r  
atomic s t a t e  very  e f f i c i e n t l y ,  as was dem onstrated  by th e  
f a c t  t h a t  s e n s i t i v i t y  f o r  most e lem ents  was on th e  o rd e r  
o f  10” 12 g ram s.5
I t  could th u s  be seen t h a t  the  Robinson carbon bed 
a to m ize r  f u l f i l l e d  two im portan t requ irem en ts  needed fo r  
the d i r e c t  a n a ly s is  o f  t r a c e  m eta ls  in  b io lo g i c a l  samples. 
F i r s t ,  the  long  c o n ta c t  time of the  sample w ith  th e  carbon 
bed under a reduc ing  atmosphere s i g n i f i c a n t l y  reduced 
m o lecu la r  a b so rp t io n  caused by th e  complex o rg a n ic  m a tr ix .  
Secondly, the  s e n s i t i v i t y  o f  th e  techn ique  was s u f f i c i e n t l y  
low to d e te c t  m eta ls  p re s e n t  a t  the  s u b - p a r t - p e r - b i l l i o n  
l e v e l .
I t  was the  o b je c t iv e  o f  t h i s  re se a rc h  to  develop 
tech n iq u es  app ly in g  th e se  advantages o f  the  carbon bed 
a to m ize r  to  th e  d i r e c t  q u a n t i t a t i v e  a n a ly s is  o f  heavy m eta ls  
in  s e v e ra l  ty p es  o f  b i o l o g i c a l  samples. P a r t  I  o f  t h i s  
d i s s e r t a t i o n  d e s c r ib e s  the  d i r e c t  d e te rm in a tio n  o f  cadmium 
in  whole b lo o d ,  u r in e ,  sw eat, h a i r ,  and b r e a th .  By 
a n a ly z in g  th e se  v a r io u s  specimens, an u n d e rs tan d in g  o f  the  
cadmium b a lan ce  in  th e se  body f l u i d s  and t i s s u e s  could  be 
ga ined . In a d d i t io n ,  th e  v a r io u s  means o f  e x c re t io n  o f 
cadmium from th e  body could be dem onstra ted .
6 . The Importance o f  M etal S p e c ia t io n
I t  has  become in c r e a s in g ly  e v id e n t  t h a t  the
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t o x i c i t y  o f  a m e ta l  i s  dependent n o t only  on i t s  co ncen tra ­
t io n  b u t a l s o  upon i t s  p a r t i c u l a r  chemical form. The ion 
o r  compound form o f  a m eta l in  th e  environment w i l l  o f te n  
determ ine i t s  t o x ic  e f f e c t s  in  man and an im als .  I t  i s  
known t h a t  th e  chemical form a f f e c t s  bo th  th e  e f f i c i e n c y  
o f  a b s o rp t io n  in to  th e  body and th e  m etab o lic  f a t e  o f an 
elem ent w i th in  th e  body system. S p e c ia t io n  o f m e ta ls  has 
a lso  become im p o rtan t in  th e  s tudy  o f  s y n e r g i s t i c  e f f e c t s  
o f groups o f e lem en ts .
There a re  numerous examples o f th e  im portance o f 
chemical form in  d e te rm in in g  m eta l  t o x i c i t y .  1 For example, 
hexava len t chromium i s  more to x ic  than  t r i v a l e n t  chromium. 
N icke l carbonyl i s  known to  be more harm ful than  m e ta l l i c  
n i c k e l  o r  i t s  o th e r  compounds. Lead t o x i c i t y ,  a l s o ,  i s  
dependent on chemical form. M e ta l l ic  le a d  i s  l e s s  to x ic  
than  th e  c a rb o n a te ,  monoxide, o r  s u l f a t e ;  a lk y l  le a d  
compounds a re  s t i l l  more to x ic  than  th e se  s p e c ie s .
In  view of th e se  f a c t s ,  i t  i s  ap p aren t  t h a t  th e re  i s  an 
in c re a s in g  need f o r  a n a l y t i c a l  tech n iq u es  which p rov ide  n o t  
only  t o t a l  m eta l  a n a ly s i s ,  b u t  a l s o  d i f f e r e n t i a t i o n  between 
v a r io u s  m eta l compounds. A n a ly t ic a l  tech n iq u es  such as 
i n f r a r e d  and u l t r a v i o l e t  a b s o rp t io n ,  n u c le a r  magnetic 
resonance , and X-ray spec trom etry  a re  a v a i l a b l e  and w i l l  
d i f f e r e n t i a t e  between m eta l  s p e c ie s .  However, th e se  
tech n iq u es  p o ssess  poor s e n s i t i v i t y  and would n o t  be s u i t a b l e  
f o r  m eta l s p e c ia t io n  in  b i o l o g i c a l  m a t e r i a l s .  Mass s p e c t ro -
m etry , a l though  q u i t e  s e n s i t i v e ,  r e q u i r e s  s e p a ra t io n  o f  the  
compounds o f  i n t e r e s t  b e fo re  a n a ly s i s  due to  th e  la rg e  
amount o f  peak o v e r lap  f o r  most compounds. Po larography  
and anodic  s t r i p p i n g  voltam m etry, as  p re v io u s ly  m entioned, 
a re  s u b je c t  to  i n t e r f e r e n c e s  and m a tr ix  e f f e c t s .  These 
tech n iq u es  a l s o  d e t e c t  only  io n ic  s p e c ie s .  Few methods 
a re  c u r r e n t ly  a v a i l a b l e  which can b o th  s e p a ra te  m e ta l l i c  
s p e c ie s  and d e te c t  t r a c e  amounts o f  th e se  compounds in  
b i o l o g i c a l  and environm enta l samples.
7. Methods A v a ilab le  fo r  Metal S p e c ia t io n
Methods which have evolved  f o r  t r a c e  m eta l s p e c ia ­
t i o n  t y p i c a l l y  invo lve  a s e p a ra t io n  s te p ,  u s in g  a chromato­
g rap h ic  techn ique  o r  s e q u e n t ia l  chem ical e x t r a c t i o n s ,  
fo llow ed  by d e te rm in a tio n  o f the  m eta l  c o n ten t  o f  each 
f r a c t i o n .  There a re  s e v e ra l  v a r i a t i o n s  in  the  p a r t i c u l a r  
techn ique  used f o r  each o f th e se  p u rp o se s ,  b u t  most 
te c h n iq u e s  have in v o lv ed  coup ling  a gas o r  l i q u i d  chromato­
graph to  a m e ta l - s p e c i f i c  d e te c to r .  The chrom atographic  
s tag e  s e p a ra te s  v a r io u s  m eta l compounds based  on r e t e n t io n  
tim e. Techniques such as  atomic a b s o rp t io n ,  atom ic 
f lu o re s c e n c e ,  o r  em iss ion  sp ec tro sco p y  a r e  used in  p lace  
o f  th e  c o n v en tio n a l  chrom atographic  d e te c to r  to  measure 
the  m eta ls  p r e s e n t  a s  they  emerge from the  column. The 
most commonly-used tech n iq u e  f o r  t h i s  purpose i s  AAS.
Methods have been p u b l ish e d  which couple AAS to  gas chromato­
graphy, ion-exchange and o th e r  forms o f column chromatography,
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and h igh  perform ance l i q u i d  chromatography.
Although such coupled tech n iq u es  f o r  m eta l s p e c ia t io n  
have been s u c c e s s f u l ,  th e  use o f  two tech n iq u es  caused 
a d d i t i o n a l  tim e f o r  a n a l y s i s ,  expense in  equipment, and 
margin fo r  e r r o r .  Some lo s s  o r  con tam ina tion  o f th e  sample 
a lso  was p o s s ib le  du r in g  th e  s e p a ra t io n  s ta g e  o f th e  a n a ly s i s .  
The development o f  a sp e c t ro s c o p ic  method which could 
accom plish b o th  s e p a ra t io n  and d e te c t io n  o f  m eta l compounds 
would o f f e r  d i s t i n c t  advan tages  in  s p e c ia t io n  s tu d ie s .
P a r t  I I  o f  t h i s  d i s s e r t a t i o n  d e s c r ib e s  the  development 
o f  an ex p e r im en ta l  tech n iq u e  which uses  AAS to  d i s t i n g u i s h  
between d i f f e r e n t  chem ical forms o f  m e ta ls .  The techn ique  
invo lved  a d u a l - s ta g e  a to m ize r  where the  f i r s t  s ta g e  was 
g ra d u a l ly  in c re a s e d  in  tem p era tu re  to  s e l e c t i v e l y  
v o l a t i l i z e  v a r io u s  chem ical forms o f  th e  m eta l  o f  i n t e r e s t .
The second s ta g e  was m ain ta in ed  h o t (1500°C) to  accom plish 
a to m iz a tio n  o f  the  v ap o r ized  m e t a l l i c  s p e c ie s .  In  th e  
a p p a ra tu s  used in  th e  i n i t i a l  s tu d i e s  re p o r te d  h e re ,  th e  
f i r s t  s ta g e  o f  th e  a to m iz e r  system was simply a loop o f 
p la tin u m  w ire  which was r e s i s t a n c e  h e a te d .  The second s ta g e  
was th e  carbon bed a to m ize r .  The ap p a ra tu s  was used to  
s tudy  the  s e l e c t i v e  v o l a t i l i z a t i o n  o f  v a r io u s  le a d  and 
cadmium s a l t s .
8 . Summary
In  summary, th e  fo llo w in g  to p ic s  w i l l  be d isc u sse d  
in  t h i s  d i s s e r t a t i o n :
P a r t  I :  The D ire c t  D eterm ination  o f  Cadmium in
B io lo g ic a l  M a te r ia ls  
Chapter 1: The D ire c t  D eterm ination  o f  Cadmium in
Whole Blood
C hapter 2: The D ire c t  D eterm ination  o f Cadmium in  Urine
Chapter 3: The D ire c t  D eterm ination  o f  Cadmium in
P e r s p i r a t io n
Chapter 4: The D ire c t  D eterm ination  o f Cadmium in  H a ir
Chapter 5: The D eterm ination  o f  Cadmium in  B reath
P a r t  I I :  M etal S p e c ia t io n  by D i f f e r e n t i a l  A tom ization 
Chapter 6: D i f f e r e n t i a l  A tom ization Using a P la tinum  
Loop-Carbon Bed Dual Stage Atomizer
PART I
THE DIRECT DETERMINATION OF CADMIUM 
IN BIOLOGICAL MATERIALS
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CHAPTER 1
THE DIRECT DETERMINATION OF CADMIUM IN WHOLE BLOOD
A. INTRODUCTION
The m eta l  chosen f o r  i n v e s t ig a t i o n  in  t h i s  r e se a rc h  was 
cadmium.
In  n a tu r e ,  cadmium i s  u s u a l ly  found in  a s s o c ia t io n  w ith  
z in c .  I t  i s  o f te n  recovered  by s in t e r i n g  z in c  ore  w ith  
sodium c h lo r id e  and c o a l ,  c o l l e c t i n g  v o l a t i l e  cadmium 
c h l o r i d e . 15 World p ro d u c tio n  o f  cadmium in  1974 was 19,000 
t o n s . 16
Cadmium has s e v e ra l  i n d u s t r i a l  u se s .  I t  i s  used 
w idely  in  e l e c t r o p l a t i n g  m eta ls  and a l l o y s .  Cadmium i s  
a c o n s t i tu e n t  o f  s e v e r a l  types  o f s o ld e r s  and b e a r in g  
m eta ls  and i s  a l s o  used in  such d iv e r se  a re a s  as  p igm ents , 
f u n g ic id e s ,  pho tography , l i th o g ra p h y ,  and p ro cess  
e n g r a v in g .15 I t  i s  in c r e a s in g ly  im portan t as  a s t a b i l i z e r  
f o r  p o ly v in y l  c h l o r i d e . 17 Cadmium a ls o  i s  commonly used 
in  th e  m anufacture  o f  n ickel-cadm ium  b a t t e r i e s .
The p r o p e r t i e s  o f  cadmium c lo s e ly  resem ble those  of 
z in c ,  which l i e s  d i r e c t l y  above cadmium in  th e  P e r io d ic  
Table . Cadmium sometimes a lso  behaves s im i l a r l y  to  mercury. 
In  compounds such as  o x id e s ,  f l u o r i d e s ,  and ca rb o n a te s ,  
cadmium resem bles ca lc ium , and in  f a c t  cadmium can exchange 
w ith  calcium  in  some m i n e r a l s . 18 I t  i s  a v o l a t i l e  e lem ent, 
w ith  a b o i l i n g  p o in t  o f  only 765°C. I t s  common o x id a t io n
23 b
s t a t e  i s  +2. Cadmium forms many complexes; fo r  example, i t  
combines w ith  l ig a n d s  such as ammonia, cyan ide , and c h lo r id e  
and c h e la t in g  agen ts  such as sodium d ie th y ld i th io c a rb a m a te  
and d i t h i z o n e . 15
1. B io lo g ic a l  E f f e c t s  o f Cadmium
Many s tu d ie s  have shown th a t  cadmium i s  a to x in  and 
can have adverse  h e a l th  e f f e c t s  even in  very  low co n cen tra ­
t i o n s . 19 Cadmium i s  known to  be a cummulative, o r  a d d i t iv e ,  
to x in .  I t  accum ulates in  the  body, p a r t i c u l a r l y  in  the  
l i v e r  and k id n e y s .20 The m eta l  accum ulates throughout 
l i f e ,  th e re  be ing  very  l i t t l e  r e n a l  cadmium in  a newborn 
b a b y .21 The e s t im a te d  re n a l  cadmium c o n c e n tra t io n  in  an 
in f a n t  i s  about 50 yg/g of ashed t i s s u e ,  compared to  2,000 
yg/g fo r  an a d u l t . 22 The average body burden o f  cadmium 
in  an a d u l t  American has been e s t im a te d  to  be about 30 mg, 
of which approx im ate ly  10 mg are  in  the  k idneys and 5 mg 
a re  in  th e  l i v e r . 21 E x c re t io n  o f the  m eta l was n o ted  to  
be ex trem ely  slow; the  h a l f - l i f e  was e s t im a te d  to  be 
between 20 and 40 y e a r s . 19 This e x c re t io n  p e r io d  seems to  
be u n u su a lly  long and w i l l  be examined in  t h i s  s tu d y .
S evera l  d e t r im e n ta l  h e a l th  e f f e c t s  have been l in k e d  to  
cadmium exposure . I t  has  been suggested  th a t  in g e s t io n  
causes g a s t r o e n t e r i t i s ; 23 i n h a l a t i o n  produces severe  pulmonary 
d y s fu n c t io n 24 and emphysema.25 Renal d y s fu n c t io n ,26-28 
anem ia,2 9 *30 and h e p a t ic  d y s fu n c t io n 25 have a l s o  been 
re p o r te d  due to  exposure to  cadmium.
Cadmium has  been shown to  i n t e r f e r e  w ith  ca rbohydra te  
m etabolism  as w e l l  as o th e r  m e tab o lic  p r o c e s s e s . 31 >32 
I t  i s  b e l ie v e d  th a t  such to x ic  e f f e c t s  o f  cadmium a re  
p r im a r i ly  due to  i t  chem ically  b in d in g  to  c y s te in y l  
r e s id u e s  of many enzymes, i n h i b i t i n g  t h e i r  a c t i v i t y . 33-36 
Cadmium i s  thought to  d isp la c e  z in c  in  v a r io u s  enzymes, 
thus  induc ing  d is e a se s  through r e n a l  o r  h e p a t i c  z inc  
d e f i c i e n c i e s . 37-39 Zinc i s  known to  be an e s s e n t i a l  
n u t r i e n t  and a n e c e ssa ry  m eta l  component o f  a t  l e a s t  e ig h ty  
m etab o lic  enzym es.40 The chem ical s i m i l a r i t i e s  between 
the  two m eta ls  a p p a re n t ly  c o n t r ib u te s  to  t h e i r  exchange
»
in  body p r o te in s .  In  view o f  the  f a c t  t h a t  th e  p r e c i s e  
m eta l  components o f  enzymes d i c t a t e  the  conform ation 
re q u i re d  f o r  c a t a l y t i c  a c t i v i t y ,  such replacem ent o f z in c  
by cadmium could s e v e re ly  a l t e r  t h i s  a c t i v i t y .
I t  has been proposed th a t  exposure to  cadmium may be 
a m ajor f a c to r  in  th e  p a th o g en es is  o f human e s s e n t i a l  
h y p e r t e n s io n .33 S tu d ie s  have shown th a t  r e n a l  cadmium 
c o n c e n tra t io n s  were s i g n i f i c a n t l y  h ig h e r  in  h y p e r te n s iv e  
s u b je c t s ,  some showing as much as a 4 0 - fo ld  in c re a se  
over normal cadmium l e v e l s . 38 Most o f the  d a ta  r e l a t i n g  
cadmium to  h y p e r te n s io n ,  however, come from anim al s tu d i e s ,  
p r im a r i ly  w ith  r a t 6 .  I t  has been r e p o r te d  t h a t  r a t s  fed  
5 ppm cadmium in  t h e i r  d r in k in g  w a te r  developed s i g n i f i c a n t  
h y p e r te n s io n .41 Numerous r e l a t e d  s tu d ie s  have been c a r r i e d  
o u t ,  bo th  on r a t s  given cadmium in  t h e i r  d i e t 2 2 *42-44 and
by i n j e c t i o n . 1+lt-lt6 The mechanism by which cadmium r a i s e s  
a r t e r i a l  b lood  p re s s u re  i s  n o t c l e a r ly  understood ; 
however, i t  has  been suggested  t h a t  cadmium accum ulation  
in  th e  k idneys  i n h i b i t s  sodium e x c r e t io n ,  3 3»lt6 7 thereby
d i s r u p t in g  e l e c t r o l y t e  and f l u i d  b a lan ce  in  th e  body.
I t  i s  a l s o  p o s s ib le  th a t  the  m eta l has a d i r e c t  e f f e c t  on 
v a s c u la r  smooth m u s c le .33
I t  has been suggested  th a t  the  r a t i o  of cadmium to 
z in c  in  th e  body may be a more m eaningful measure of the  
e f f e c t  o f  cadmium exposure . The e x c h a n g e a b i l i ty  o f  the  
m e ta ls  in d ic a te d  t h a t  in  some cases  z in c  can p rev en t 
c e r t a i n  cadmium-induced e f f e c t s . 1*®-50
2. The Exposure o f  Man to  Cadmium
Cadmium i s  w idely  d isp e rs e d  in  our environment 
and i s  p r e s e n t  in  t r a c e  q u a n t i t i e s  in  a i r ,  w a te r ,  and 
f o o d .17»19»51 One source  o f  cadmium con tam ination  in  the  
environm ent i s  i n d u s t r i a l  em iss io n s .  I t  has been e s t im a te d  
t h a t  4 .6  m i l l io n  pounds o f cadmium were l o s t  as em iss ions  
d u r in g  p ro d u c tio n  p ro c e sse s  in  1968 .52
The m ajor sou rce  o f  man’ s accum ulation  o f cadmium was 
co n s id e red  to  be th e  d i e t . 19>33>53 The normal l e v e l s  of 
cadmium in  food a re  l e s s  than  0 .05 ppm, a lthough  c e r t a i n  
foods such as  l i v e r ,  k idney , and s h e l l f i s h  may c o n ta in  
h ig h e r  c o n c e n t r a t io n s .  The d a i ly  in ta k e  o f cadmium due 
to  th e  d i e t  has been e s t im a te d  to  be about 50 y g .19
Water c o n t r ib u te s  l i t t l e  to  the  d a i ly  cadmium in ta k e .
The E.P.A. l i m i t  f o r  cadmium in  w a te r  i s  10 ppb, b u t  most 
d r in k in g  w ate r  c o n ta in s  l e s s  than  1 p p b .19 Some in c id e n c e s  
o f  h ig h e r  c o n c e n tra t io n s  in  w a te r  have been re p o r te d  in  
i n d u s t r i a l  a r e a s . 16*19
Normal cadmium c o n c e n tra t io n  in  th e  a i r  i s  ap p ro x i­
m ately  0 .01 to 0.05 yg/m3 o f  a i r ,  and thus ambient a i r  
c o n t r ib u te s  l e s s  than  0 .1  yg o f  cadmium to  th e  d a i ly  in ­
t a k e . 19*33 However, smokers may be exposed to  s i g n i f i c a n t l y  
g r e a t e r  amounts o f  cadmium. I t  has  been shown t h a t  a 
c i g a r e t t e  c o n ta in s  approx im ate ly  1 .0 -1 .5  yg o f cadmium,54-56 
p a r t  o f  which i s  in h a le d  and r e t a in e d  in  th e  lu n g s . O ther 
s tu d ie s  in d ic a te d  th a t  c i g a r e t t e  smoke con ta ined  the 
e q u iv a le n t  o f  4 .5  yg/m3 cadmium.57 I t  has  been e s tim a te d  
t h a t  between 25 and 50 p e rc e n t  o f  th e  cadmium in h a le d  i s  
absorbed by lung t i s s u e , 33*51 and t h a t  between 0 .1  and 
0 .2  yg of cadmium could  be in h a le d  by smoking one c i g a r e t t e . 5 
C ig a re t te  smoke thus  was a s i g n i f i c a n t  source  o f abso rbab le  
cadmium, s t r o n g ly  c o n t r ib u t in g  to  i t s  accum ulation  in  
m a n . I 9 » 33,5 3,58 in d e e d ,  the  body burden of cadmium 
has been found to  be h ig h e r  in  smokers than  in  
nonsm okers ,53*59 and d a i ly  e x c re t io n  o f cadmium in  the  
u r in e  has been shown to  have a p o s i t i v e  c o r r e l a t i o n  w ith  
the average number o f  c i g a r e t t e s  smoked.60 A 1976 
German s tudy  found b lood  cadmium l e v e l s  o f  smokers to  be 
50% g r e a t e r  than  t h a t  o f  nonsm okers.61
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3. Reasons f o r  This Study
There has been a g r e a t ly  in c re a se d  i n t e r e s t  in  
the to x ic  e f f e c t s  o f cadmium in  th e  environm ent. U n fo r tu n a te ly ,  
the methods f o r  de te rm in ing  cadmium in  environm enta l and 
c l i n i c a l  samples a re  o f  d o u b tfu l  accuracy  and p r e c i s io n .
Often v a lu es  f o r  cadmium c o n c e n tra t io n  r e p o r te d  in  the  
l i t e r a t u r e  can n o t  be taken a t  face  v a lu e . 1 6  T h e re fo re ,  
th e re  i s  an in c re a s in g  demand f o r  a  sim ple and a c c u ra te  
method f o r  m on ito ring  cadmium in  b io lo g i c a l  m a te r ia l s .
In any to x ic o lo g ic a l  s tu d y ,  i t  i s  a l s o  im portan t to  
choose a sample which i s  convenient to  c o l l e c t  and which 
r e l i a b l y  i n d i c a t e s  the  exposure l e v e l  o r  body burden of 
th e  s u b je c t .  In  th e  case o f cadmium, i t  i s  w e l l  known th a t  
the m eta l accum ulates  in  th e  human body, p r im a r i ly  in  the 
l i v e r  and k id n e y s . 2 0  L iv e r  and kidney t i s s u e  a n a ly s is  
may th u s  be the  most r e l i a b l e  m onitor o f cadmium body 
burden. U n fo r tu n a te ly ,  t h i s  i s  n o t  a d e s i r a b le  p ro­
cedure f o r  normal human s u b je c t s ,  p r im a r i ly  because o f the  
trauma i t  causes  f o r  the  p a t i e n t . 16
The a n a ly s is  o f  whole b lood  f o r  cadmium was i n i t i a l l y  
in v e s t i g a t e d  in  t h i s  re se a rc h  because i t  was thought t h a t  
such a n a ly s is  could  prove to  be a convenien t method o f 
m on ito ring  cadmium exposure in  man. Development o f  a 
techn ique  to  determ ine cadmium in  the  b lood d i r e c t l y  could  
a lso  le a d  to  s im i l a r  methods f o r  a n a ly s i s  o f heavy m e ta ls  
in  o th e r  b io lo g ic a l  m a t r ic e s .  In  l i g h t  o f  th e  d a ta  on th e
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e le v a te d  l e v e l s  o f  cadmium in  c i g a r e t t e  smoke,5tt” 5? i t  was 
a l s o  f e l t  to  be o f i n t e r e s t  to  d e te r mine w hether the  
c o n c e n tra t io n  o f  cadmium in  th e  b lood o f smokers was 
h ig h e r  th an  t h a t  o f  non-smokers.
4. D i f f i c u l t i e s  in  the  D eterm ination  o f  Cadmium in  B io lo g ic a l  
M a te r ia ls
L i t t l e  work has been p u b lish ed  concerning cadmium 
a n a ly s i s  in  b lo o d , and o f  those  methods found in  the 
l i t e r a t u r e ,  none has  d esc r ib ed  a d i r e c t  d e te rm in a tio n .  ’’D ire c t  
d e te rm in a tio n "  has been used here  to  d e sc r ib e  a method in  
which no sample p re t re a tm e n t  i s  r e q u i re d .  The absence of 
d i r e c t  methods i s  l a r g e ly  due to  the  very  d i f f i c u l t  
problems in  de te rm in ing  cadmium in  b io lo g i c a l  m a te r ia l s .  
D i f f i c u l t i e s  a re  encoun te red  a t  every  s ta g e  o f the  a n a ly s i s .  
This in c lu d e s  i n i t i a l  sample c o l l e c t i o n ,  sample s to r a g e ,
s ta n d a r d i z a t i o n ,  f i n a l  measurement, and i n t e r p r e t a t i o n  o f  
th e  r e s u l t .  These problems apply n o t  only to  blood 
a n a ly s i s ,  b u t  a lso  to  the  a n a ly s is  o f  u r in e ,  t i s s u e ,  and 
o th e r  b i o l o g i c a l  m a te r i a l s .
a .  Problems in  Sample Handling
The f i r s t  dilemma encoun te red  in  th e  a n a ly s is  
o f b lo o d ,  o r  o th e r  b i o l o g i c a l  m a t e r i a l s ,  i s  i n  o b ta in in g  
and s to r i n g  the  sample. Care must be taken  to  avoid  
con tam ina tion  du r in g  sample c o l l e c t i o n ,  t r a n s f e r ,  o r  
s to r a g e .  N eedles , c o n ta in e r s ,  s y r in g e s ,  and o th e r  i n s t r u ­
ments must be c lean ed  thorough ly  p r i o r  to  c o n ta c t  w ith
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the sample. O bviously , the  p resence  o f any t r a c e  cadmium 
on th ese  item s w i l l  contam inate  th e  sample; t h i s  con­
tam in a tio n  becomes p a r t i c u l a r l y  s i g n i f i c a n t  i f  th e  m eta l 
i s  i n i t i a l l y  p r e s e n t  in  p a r t - p e r - b i l l i o n  q u a n t i t i e s .
Cleaning w ith  n i t r i c  a c id  i s  a common means o f decon­
tam in a tin g  g la s s  and m etal equipm ent . 16
I f  th e  sample must be s to r e d ,  s te p s  must be taken  to  
avoid  lo s s  o f  cadmium due to  p l a t i n g  out onto  the  w a l ls  
o f  the  c o n ta in e r .  Blood samples a re  p a r t i c u l a r l y  
d i f f i c u l t  to  s to r e .  Agents must be added to  p reven t 
c o a g u la t io n ;  o f te n  Na2 -  o r  K2 -EDTA i s  used fo r  t h i s  
purpose . Samples should  be s to r e d  a t  4°C, and they must 
be frozen  f o r  lo n g -te rm  s to ra g e  o r t r a n s p o r t a t io n  over 
long d i s ta n c e s .  S to rage  o f s ta n d a rd  s o lu t io n s  must a lso  
be co n s id e red ;  a d so rp t io n  o f  th e  m e ta l  onto th e  c o n ta in e r  
w a l ls  i s  the  most s i g n i f i c a n t  problem i n  t h i s  case .  
P o ly e th y le n e ,  p o ly p ro p y len e , and t e f lo n  have been r e p o r te d  to  
be most s u i t a b l e  f o r  s to ra g e  o f  aqueous s ta n d a rd s  because 
o f t h e i r  low a d s o rp t iv e  p r o p e r t i e s . 6 2  S o lu t io n s  should  
be mixed and s to r e d  in  c o n ta in e r s  p r e e q u i l ib r a t e d  w ith
1 Rs o lu t io n s  o f  the  same c o n c e n t ra t io n .
Perhaps th e  most d i f f i c u l t  s te p  b e fo re  a n a ly s is  of 
blood o r  o th e r  b i o l o g i c a l  m a t te r  i s  o b ta in in g  a re p ro ­
d u c ib le  and r e p r e s e n ta t iv e  sample f o r  a n a ly s i s .  This has been 
found to  be a p a r t i c u l a r  problem w ith  blood samples due 
to  the  h igh  v i s c o s i t y .
b. Problems Due to  Low C oncen tra tion
The low c o n c e n tra t io n  o f  cadmium in  th e  b lood, 
which i s  on th e  o rd e r  of 1 0  ppb, p r e s e n ts  a  c h a llen g e  
f o r  most a n a l y t i c a l  p ro ced u res .  Using c o n v en tio n a l  pro­
ced u res ,  s e p a ra t io n  and p re c o n c e n tra t io n  s te p s  a r e  o f te n  
re q u ire d  p r i o r  to  a n a ly s i s .  These s te p s  can le a d  to  lo s s  
o f  th e  m etal o f  i n t e r e s t  o r  to  con tam ination  o f th e  
sample. These sou rces  o f e r r o r  can g en e ra te  h igh  r e s u l t s  
o r  low r e s u l t s  depending on th e  s e v e r i t y .  The n e t  r e s u l t  
i s  t h a t  the e r r o r  invo lved  in  th e  procedure may be 
g r e a t e r  than  th e  answer o b ta in e d ,  and the  d a ta  i s  n o t  only 
v a lu e le s s  bu t may be m is lead in g .
c. Problems Due to  the M atrix
The v a r i a b l e  and dense m a tr ix  o f blood has caused 
a d d i t io n a l  d i f f i c u l t i e s  in  a n a ly s i s .  Blood c o n ta in s  a 
h igh  and v a r i a b le  in o rg a n ic  c o n te n t ;  some o f the  ions  
p re se n t  in c lu d e  sodium, po tass ium , calc ium , magnesium, 
c h lo r id e ,  phospha te ,  b ic a rb o n a te ,  and s u l f a t e .  The 
p r in c ip a l  c a t io n s  a r e  sodium and po tass ium , w hile  c h lo r id e  
i s  th e  predominant an ion . Blood a lso  c o n ta in s  numerous 
and d iv e rse  o rg an ic  components, p r im a r i ly  p r o te in s  o f a 
wide range o f  m o lecu la r  w e ig h ts ,  c a rb o h y d ra te s ,  and 
l i p i d s . 6 3  A l i s t  o f  major components o f  human b lood  i s  
p re se n te d  in  Table 1. These components can cause 
i r r e p r o d u c ib le  r e s u l t s  when th e  sample i s  no t com pletely  
broken down. High m o lecu la r  background a ls o  can be a
Table 1
APPROXIMATE RANGES OF VALUES FOR THE PRINCIPAL CONSTITUENTS
OF HUMAN BLOOD PLASMA6 3
Organic C o n s t i tu e n ts
C o n s t i tu e n t  Normal Range (mg/100 ml)
P r o te in  5700-8000
Urea 20-30
Glucose 65-90
P o ly sacc h a r id es 70-105
L a c t ic  Acid 8-17
L ip id s 285-675
C h o le s te ro l 130-260
In o rg a n ic  C o n s t i tu e n ts
C o n s t i tu e n t Normal Range (meq/1)
Sodium 132-150
Potassium 3 .8 -5 .4
Calcium 4 . 5 - 5 . 6
Magnesium 1 . 6 - 2 . 2
I ro n 0 .009-0 .032
Copper 0 . 0 0 1 - 0 . 0 0 2
C hloride 1 0 0 - 1 1 0
B icarbona te 24-30
Phosphate 1 . 6 - 2 .7
S u l fa te 0 .7 -1 .5
Iod ine 0 .0006-0 .001
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problem in  many a n a l y t i c a l  p rocedures  i f  the  m a tr ix  i s  
no t com plete ly  d e s tro y e d .  This l i m i t s  th e  s e n s i t i v i t y  o f 
th e  techn ique  as  w e l l  as i t s  a c c u ra c y . 6 4  The v a r i a b le  
m a tr ix  o f b lood a l s o  makes i t  v i r t u a l l y  im poss ib le  to  
c r e a te  s ta n d a rd  s o lu t io n s  r e p r e s e n ta t iv e  o f  th e  sample; 
t h i s  s i g n i f i c a n t l y  co m plica tes  c a l i b r a t i o n  p ro c e d u re s .
As a r e s u l t  o f  th e se  d i f f i c u l t i e s  w ith  the  o rg an ic  
m a tr ix ,  c u r re n t  methods o f  b lood cadmium a n a ly s i s  in ­
clude some sample p re t re a tm e n t  to  d e s tro y  th e  o rg an ic  
m a te r i a l .  The most common t re a tm e n ts  a re  wet ash ing  o r  
dry a sh in g .
Wet ash ing  commonly invo lves  d i s s o lu t io n  o f the  
sample in  n i t r i c  a c id  to g e th e r  w ith  an o x id iz in g  agen t such 
as s u l f u r i c  a c id ,  p e r c h lo r i c  a c id ,  o r  hydrogen p e ro x id e .  
This t re a tm e n t  b reak s  down the  o rg a n ic  m a t te r .  The re s id u e  
then may be r e d i s s o lv e d  in  a s u i t a b l e  so lv e n t  f o r  sub­
sequent a n a ly s i s .  The danger in  th e se  p ro c e d u re s ,  o f  
co u rse ,  i s  t h a t  con tam ination  o f the  sample may occur from 
the re a g e n ts  added. In  f a c t ,  the  p u re s t  a c id s  commercially 
a v a i l a b le  c o n ta in  as  much as  1 ppb Cd. 6 5  Since th e  con­
c e n t r a t i o n  o f  cadmium in  th e  b lood i s  on th e  o rd e r  of 
1 0  ppb, a 1 0 % e r r o r  can occur simply due to  th e  a c id s  used 
in  ash in g  p ro ced u res .
In  c o n t r a s t ,  dry ash in g  p ro ced u res  invo lve  h e a t in g  
the sample to  e v ap o ra te  and burn any o rg an ic  m a te r ia l  
p r i o r  to  a c tu a l  a n a l y s i s .  There i s  a genuine danger of
lo s s  o f  v o l a t i l e  m e ta ls  (such as  cadmium) during  th e  
d ry ing  and ash in g  s te p s  o f th e se  p ro ced u res .  In  f a c t ,  i t  
i s  known t h a t  s e v e r a l  cadmium s a l t s  have r e l a t i v e l y  low 
b o i l i n g  p o in t s ;  an example o f  t h i s  i s  Cd(N0 3 ) 2 *4 H2 0 , 
which b o i l s  a t  132°C.66,67
Many r e s e a rc h e r s  assumed no lo s s  o f  cadmium a t  tem­
p e r a tu r e s  below 500oC;68-70 however, o th e r s  have re p o r te d  
lo s s e s  a t  tem p era tu re s  over 300°C u s in g  a h ea ted  g ra p h i te  
fu rn a c e . 7 1 * 7 2  S tu d ie s  were c a r r i e d  out u s ing  th e  q u a r tz  
"T" a to m ize r  employed in  t h i s  r e se a rc h  to  i n v e s t ig a t e  
p o s s ib le  cadmium lo s s e s  during  e v a p o ra t io n  s t a g e s . 7 3  In  
th e se  s tu d ie s  a carbon d isk  im pregnated w ith  an aqueous 
cadmium s ta n d a rd  was lowered to  w i th in  50 mm o f  th e  hea ted  
carbon bed. Radiant h e a t  from the  a tom izer  d r ie d  the  
sample, a f t e r  which th e  d isk  was dropped onto th e  su r fa c e  
o f th e  bed to  accom plish  a to m iz a t io n .  The a b s o rp t io n  
s ig n a l  was m onitored th roughout th e  p ro ced u re .  S ig n i f ic a n t  
s ig n a l s  were observed  du ring  the  d ry ing  s te p .  Comparison 
w ith  th e  background s ig n a l  ( reco rded  u s in g  a hydrogen lamp) 
confirmed t h a t  the  lo s s e s  were indeed  cadmium (F ig u re  2 ) . 7 3
Such v a p o r iz a t io n  lo s s e s  p r i o r  to  the  a to m iz a tio n  
s ta g e  r e s u l t  in  s e r io u s  n e g a t iv e  e r r o r s  in  cadmium determ ina­
t i o n s  by g ra p h i te  fu rn ace  atomic a b s o rp t io n .  Conventional 
g ra p h i te  fu rnace  tech n iq u es  e s s e n t i a l l y  accom plish a 
d ry -a sh in g  w i th in  th e  a to m ize r .  A t h r e e - s t e p  a to m iz a t io n  
program in c lu d e s  s ta g e s  f o r  d ry in g  and ash in g  p r i o r  to  th e
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FIGURE 2
(Reference 73* used by p e rm iss io n )
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This f ig u r e  shows the  cadmium a b s o rp t io n  s ig n a l  o b ta in ed  du ring  
d ry ing  o f  an aqueous cadmium s ta n d a rd  over the  carbon  bed a to m iz e r .
a b so rp t io n  measurement. There i s  a r e a l  danger o f  lo s s  
o f  v o l a t i l e  cadmium du rin g  the p re l im in a ry  s ta g e s  o f  th e  
a to m iz a t io n  program.
I t  has  been su g g es ted  t h a t  lo s s e s  due to  v a p o r iz a t io n  
a re  o f te n  dependent on th e  p a r t i c u l a r  m a tr ix  and t h a t  
optimum tem p era tu re  c o n d i t io n s  f o r  ash ing  should  be 
determ ined f o r  each d i f f e r e n t  m a t r ix . 6 8 » 7 4  This can be 
done by m on ito ring  th e  lo s s  o f  r a d io a c t iv e  109Cd added 
to  the  sample; u n f o r tu n a te ly ,  such requ irem en ts  g r e a t ly  
com plicate  the  a n a ly s is  p ro c e d u re . 1 6
5. Common Methods f o r  th e  D eterm ination  o f  Cadmium in  
B io lo g ic a l  M a te r ia ls
Some examples o f methods o f  cadmium a n a ly s i s  found 
in  th e  l i t e r a t u r e  w i l l  be d isc u sse d  in  more d e t a i l .  As 
was p re v io u s ly  m entioned, s e v e ra l  p rocedures  r e q u i re  an 
i n i t i a l  s e p a ra t io n  o r  p re c o n c e n t ra t io n  s te p  b e fo re  a c tu a l  
a n a ly s i s .  This may be accomplished by any one of s e v e ra l  
methods, the  most common o f which i s  e x t r a c t io n  in to  a 
s u i t a b l e  o rg a n ic  s o lv e n t .  T y p ic a l ly ,  t r a c e  q u a n t i t i e s  
o f  cadmium a re  combined w ith  an o rg a n ic  c h e la t in g  ag en t.  
Commonly used re a g e n ts  in c lu d e  d i th iz o n e ,  ammonium 
p y r r o l id in e  d i th io c a rb a m a te  (APDC), and sodium d i e th y l -  
d i th io ca rb a m a te  (SDDC) . 1 6
One of th e  more w ide ly -used  s e p a ra t io n s  o f  t h i s  type 
in v o lv es  the  complexing o f  cadmium w ith  SDDC a t  pH 11 . 7 5  
Complexation i s  c a r r i e d  ou t in  a s o lu t io n  c o n ta in in g
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t a r t a r a t e ,  ammonium, and cyanide io n s .  Subsequent e x t r a c ­
t i o n s  o f te n  a re  made in to  carbon t e t r a c h l o r i d e  o r  methyl 
i s o b u ty l  k e to n e ;  the  l a t t e r  so lv e n t  may be d i r e c t l y  
a s p i r a t e d  in to  a flame f o r  e lem en ta l  a n a ly s is .
Other methods o f  p re c o n c e n t ra t io n  may be found in  the  
l i t e r a t u r e .  These in c lu d e  e l e c t r o d e p o s i t i o n , 1 5  p r e c i p i t a ­
t i o n  as  th e  s u l f i d e  (z in c  o f te n  c o p r e c ip i t a t e d ,  however), 
and ion  exchange . 7 6  The l a t t e r  two tech n iq u es  have been 
commonly used in  co n ju n c tio n  w ith  n eu tro n  a c t i v a t i o n  
a n a ly s i s  o r  some o th e r  n u c le a r  method . 1 6
a . C o lo r im e tr ic  Methods
E x t r a c t io n  w ith  d i th iz o n e  i s  the b a s i s  f o r  th e  
most commonly used sp e c tro p h o to m e tr ic  method f o r  cadmium 
a n a l y s i s . 7 7  The method in v o lv es  e x t r a c t io n  o f th e  sample 
from an aqueous s o lu t io n  c o n ta in in g  t a r t a r a t e ,  hyd rox ide , 
cyan ide , and hydroxylamine h y d ro c h lo r id e  in to  chloroform  
c o n ta in in g  d i th iz o n e .  Cadmium forms a re d -c o lo re d  
complex a t  pH 12. The o rg an ic  phase i s  e x t r a c te d  in to  
t a r t a r i c  a c id  and an a l iq u o t  r e - e x t r a c t e d  w ith  d i th iz o n e  
s o lu t io n .  Absorbance o f th e  ch loroform  la y e r  i s  measured 
a t  518 nm. This method i s  reaso n ab ly  s p e c i f i c  f o r  cadmium, 
a lthough  o th e r  m e ta ls  such as z in c  can be e x t r a c te d  a t  
low er pH v a lu e s .  The re p o r te d  s e n s i t i v i t y  i s  1 to  2 ppm. 7 7  
The accuracy  o f th e  d i th iz o n e  method depends on th e  care  
and s k i l l  o f  th e  a n a ly s t .  S p ec ia l  ca re  must be taken  to  
avo id  con tam ina tion  o f  th e  sample from th e  re a g e n ts  used.
In  a d d i t io n ,  th e r e  i s  a  danger of lo s s  o f  some cadmium 
durin g  the  e x t r a c t i o n  sequence because o f l e s s  than  com­
p l e t e l y  e f f i c i e n t  e x t r a c t i o n  c o e f f i c i e n t s .  The p o s s i b i l i t y  
o f  con tam ina tion  i s  m u l t i p l i e d  because i t  i s  n ece ssa ry  to  
d ig e s t  the  sample and pu t i t  i n to  aqueous s o lu t io n  p r i o r  
to  a n a ly s i s .  N e v e r th e le s s ,  th e  d i th iz o n e  method i s  
inexpensive  and was th e  most common procedure  fo r  cadmium 
d e te rm in a tio n  b e fo re  th e  advent o f  atom ic a b so rp t io n  
methods.
b. Atomic Emission Methods
Atomic em iss ion  has been used to  determ ine 
cadmium u s ing  th e  em iss ion  l i n e s  a t  2 2 8 8 1  o r  3 2 6 l l . 18 
An advantage o f  t h i s  method i s  i t s  m u lt ie lem en t c a p a b i l i t y .  
U n fo r tu n a te ly ,  th e re  a re  s e v e ra l  d isad v an tag es  a s s o c ia te d  
w ith  th e  te c h n iq u e .  There a re  d i f f i c u l t i e s  in  c o n t r o l l i n g  
e x c i t a t i o n  c o n d i t io n s ;  p re tre a tm e n t  (by ashing) and the  
use o f  an i n t e r n a l  s ta n d a rd  a re  n e c e s sa ry .  A g re a t  d i s ­
advantage o f th e  tech n iq u e  i s  i t s  la c k  o f  s e n s i t i v i t y .  
D e tec t io n  l i m i t s  fo r  a tom ic em iss ion  a re  on th e  o rd e r  o f 
a p a r t - p e r - m i l l i o n . 7 8  P re c o n c e n tra t io n  i s  t h e r e fo r e  
r e q u i re d  f o r  most b i o l o g i c a l  samples.
Atomic em iss ion  w ith  an in d u c t iv e ly -c o u p le d  plasma 
e x c i t a t i o n  source  has  become more w idely  used f o r  determ ina­
t io n  o f t r a c e  m eta ls  in  b i o l o g i c a l  sam ples. Reported 
d e te c t io n  l i m i t s  f o r  cadmium a re  approxim ate ly  2 p p b .79 
However, sev e re  problems w ith  r a d i a t io n  i n t e r f e r e n c e s  make
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background c o r r e c t io n s  im p e ra t iv e .  Background i n t e r ­
fe re n c e  i s  f r e q u e n t ly  h igh  and v a r i a b l e ,  and i t  has a 
d i r e c t  e f f e c t  on th e  resonance  em iss ion . Emission methods 
a lso  r e q u i re  s k i l l e d  a n a ly s ts  and o f te n  expensive  equipment,
c. Atomic A bsorp tion  Methods
C u r re n t ly ,  atomic a b s o rp t io n  i s  by f a r  the 
most common method f o r  de te rm in ing  t r a c e  m e ta ls  in  b io lo g ic a l  
m a te r i a l s .  A s p ira t io n  as a l i q u i d  i n to  a flame i s  th e  
ro u t in e  a to m iz a tio n  p ro ced u re .  This method o f  a to m iz a t io n  
r e q u i r e s  t h a t  th e  sample be d ig e s te d  and d is so lv e d  in  a 
s u i t a b l e  s o lv e n t .  At tim es p re c o n c e n t ra t io n  s te p s  a r e  a lso  
n e c e s s a ry . 8 0  The most common tre a tm e n t  p rocedures  
in v o lv e  ash ing  w ith  n i t r i c  a c id ,  fo llow ed by d i l u t i o n  to
1 tta known volume and d i r e c t  a s p i r a t i o n  in to  a flame. Any 
o f  th e  p re v io u s ly  d isc u s se d  methods o f ash ing  o r  co n cen tra ­
t io n  may be used , however.
S evera l s p e c i a l i z e d  p ro ced u res  have been developed 
f o r  th e  a n a ly s i s  of cadmium in  m icro-sam ples o f  b lood . A 
techn ique  u s in g  a ta n ta lu m  boa t has been r e p o r te d  by 
H auser . 8 1  In  t h i s  method, 0 .5  ml o f b lood  was p laced  in  a 
tan ta lu m  b o a t  and d r ie d  in  a  vacuum oven f o r  one hour 
(60°-62°C, 0 .5  a tm .) .  The sample was then  ashed a t  low 
tem pera tu re  f o r  16 hours  and f i n a l l y  i n s e r t e d  in to  a 
flame fo r  a to m iz a t io n .  The absorbance of cadmium was 
measured a t  2288X. The r e p o r te d  d e te c t io n  l i m i t  f o r  t h i s  
techn ique  was 0 . 2  ppb.
40
A m o d if ic a t io n  o f  th e  tech n iq u e  o f  H auser, c a l l e d  th e  
Delves cup te c h n iq u e ,  has been commonly used fo r  b lood a n a ly s is  
by flame atom ic a b s o rp t io n .  This techn ique  was f i r s t  
r e p o r te d  by D elves 8 2  and l a t e r  m odified  s l i g h t l y  by E d iger  
and Coleman . 8 3  B a s ic a l ly ,  th e  techn ique  invo lved  dry ing  
a  10 -p l sample o f b lood  in  a n ic k e l  cup a t  150°C f o r  one 
m inute . The cup then  was mounted n e a r  th e  b u rn e r  o f th e  
sp e c tro m e te r  and pushed to  w i th in  15 mm o f  th e  c e n te r  of 
the  flam e, where o rg an ic  m a te r ia l  was burned. A f te r  com­
b u s t io n ,  the  sample was pushed to  th e  c e n te r  o f  the  flame 
and the  atomic a b so rp t io n  reco rded  a t  22881. The r e p o r te d  
d e te c t io n  l i m i t  was 0 .2  ppb. The Delves cup techn ique  a lso  
has been used in  c o n ju n c tio n  w ith  e x t r a c t io n  p ro c e d u re s . 8 4
Obviously , th e se  methods re q u ire d  the  r i g i d  c o n t ro l  o f  
s e v e r a l  v a r i a b l e s  in  o rd e r  to  o b ta in  r e p ro d u c ib le  r e s u l t s .
One o f the  most im portan t p aram eters  was th e  time allowed 
f o r  th e  combustion o f  th e  o rg a n ic  m a tr ix .  This time 
requirem ent was determ ined  u s in g  th e  28331 l i n e  o f  l e a d . 8 5  
Blood samples were h e a te d  a t  425°C f o r  v a r io u s  time p e r io d s  
w hile  the 22881 l i n e  was m onito red . The optimum o x id a t io n  time 
was taken  as the  minimum time re q u i re d  f o r  th e  a b so rp t io n  
a t  t h i s  wavelength  to  d isa p p e a r .  I t  was assumed t h a t  t h i s  
i n i t i a l  a b s o rp t io n  peak was due to  background from th e  
b u rn in g  o rg a n ic  m a te r i a l .  Optimum tim es f o r  combustion 
had to  be determ ined f o r  each d i f f e r e n t  sample m a tr ix .
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G raphite  fu rnace  atomic a b s o rp t io n  has been used more 
f re q u e n t ly  in  re c e n t  y e a rs  f o r  t r a c e  m eta l  d e te rm in a tio n .
I t  has the  im p o rtan t  advantage o f  an in c re a se d  s e n s i t i v i t y  
over flame methods. G raphite  fu rn ace  AAS a lso  r e q u i re s  
much sm a l le r  samples than  o th e r  te c h n iq u e s .
A ll  r e p o r te d  methods f o r  cadmium a n a ly s is  by g ra p h i te  
fu rnace  atom ic a b s o rp t io n  employ th e  co n v en tio n a l th r e e - s t e p  
a to m iza t io n  p ro c e s s ,  in  which programmed h e a t in g  s ta g e s  
accom plish d ry in g  the  sample, a sh in g ,  and a to m iza tio n  a t  
s e l e c t e d  te m p e ra tu re s .  P r e c is e  c o n t ro l  o f  th e  a tom iza tion  
program i s  r e q u i re d  in  th e se  methods. In  a d d i t io n ,  cor­
r e c t io n  must be made fo r  h igh background (m olecular) 
a b s o rp t io n .
Furnace atomic a b s o rp t io n  p rocedures  o f te n  r e q u i re  
p re tre a tm e n t  o f  th e  sample by w e t-a sh in g  o r  d i l u t i o n  to  
d ec rease  the  e f f e c t  o f  the  o rg an ic  m a tr ix .  Some o f  the  
rem aining background a b s o rp t io n  i s  due to  l i g h t  s c a t t e r i n g  
by smoke from th e  bu rn in g  sample, w h ile  some i s  accounted 
f o r  in  th e  broad-band  a b s o rp t io n  o f  m o lecu la r  sp e c ie s  no t 
com plete ly  decomposed in  th e  ash in g  s t e p . 7 4  Background 
a b s o rp t io n  may be c o r re c te d  f o r  u s ing  any one of s e v e ra l  
te c h n iq u e s .  The most common c o r r e c t io n s  employ e i t h e r  a 
deuterium  lamp o r  a non -ab so rb in g  l i n e  e m it te d  by the  
hollow  cathode l i g h t  source  which i s  a d ja c e n t  to  th e  
resonance l i n e .
Another c o n s id e ra t io n  in  th e  a n a ly s is  o f blood samples 
i s  th e  p r e p a ra t io n  o f  s ta n d a rd s .  Chemical in t e r f e r e n c e s  
can occur in  AAS due to  d i f f e r e n c e s  in  th e  e f f i c i e n c y  of 
a to m iz a t io n  o f  d i f f e r e n t  chemical forms o f an e lem ent. 
T h e re fo re ,  i t  i s  im portan t t h a t  s ta n d a rd s  be p rep ared  which 
are  r e p re s e n ta t iv e  o f  the  sample to  minimize e r r o r s  due 
to  d i f f e r e n c e s  in  th e  m a tr ix .  This u s u a l ly  r e q u i r e s  the  
use of s ta n d a rd  a d d i t io n s .
S evera l examples o f  th e  use o f programmed g ra p h i te  
fu rnace  atom ic a b so rp t io n  f o r  d e te rm in a tio n  o f  cadmium in  
blood have been re p o r te d  in  th e  l i t e r a t u r e . 7 1 * 8 6 - 9 2  
These methods d i f f e r  in  the sample p re t re a tm e n t  o r  
in t ro d u c t io n  techn ique  as  w e ll  as in  th e  s p e c i f i c  t im es and 
tem pera tu res  used fo r  th e  th re e  a to m iza t io n  s ta g e s .  I t  
cannot be overemphasized t h a t  a major source  o f  e r r o r  
in h e re n t  in  th e se  te c h n iq u e s  i s  the lo s s  of v o l a t i l e  
cadmium during  the  ash in g  s t a g e s . 7 1
d. Other Methods
S ev era l  o th e r  methods o f cadmium a n a ly s i s  in  
b i o l o g i c a l  m a t te r  d eserve  m ention. Neutron a c t i v a t i o n  
a n a ly s i s  (NAA) has been u se d ; 1 6  the  most commonly employed 
r e a c t io n  i s  1 1 *t Cd(n,-Y) 1 1 5 Cd. The 116Cd o b ta in ed  in  t h i s  
t ra n s fo rm a t io n  has a h a l f - l i f e  o f  53.5 h o u rs .  U n fo r tu n a te ly ,  
d i r e c t  d e te rm in a tio n  o f  cadmium in  b io lo g ic a l  m a te r ia l s  i s  
n o t p o s s ib le  u s ing  NAA due to  th e  ease  o f  a c t i v a t i o n  o f  many 
o th e r  elem ents  w ith  o v e r la p p in g  gamma l i n e s .  The most
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troublesom e element in  t h i s  r e s p e c t  i s  sodium, which very  
e a s i l y  forms 21tNa ( h a l f - l i f e  15 h o u r s ) . Radiochemical 
s e p a ra t io n s  a re  t h e r e f o r e  n e c e s sa ry .  This techn ique  
in v o lv es  the  use o f  any one of the  p re v io u s ly  mentioned 
e x t r a c t io n  p rocedures  f o r  s e p a ra t io n  o f  th e  cadmium from 
the  rem ainder o f  th e  a c t iv a t e d  components in  th e  sample. 
A c t iv a t io n  a n a ly s is  has th e  advantage o f extreme s e n s i t i v i t y  
( l e s s  than  1 ppb). S ev era l  examples can be found in  the  
l i t e r a t u r e . 9 3 - 9  7
E le c tro c h e m ic a l  methods such as  p o la ro g rap h y , 7 1  
anodic s t r i p p i n g , 9 8 ’ 9 9  and i o n - s e l e c t i v e  e l e c t r o d e s 1 0 0  
have a lso  been r e p o r te d  fo r  cadmium d e te rm in a tio n s .  Both 
po larography  and ano d ic  s t r i p p i n g  voltammetry have the  
d i s t i n c t  d isad v an tag es  o f long a n a ly s i s  time and e x te n s iv e  
sample p r e t r e a tm e n t .  I o n - s e l e c t iv e  e l e c t r o d e s  lack  
s u f f i c i e n t  s e n s i t i v i t y  to  determ ine cadmium a t  co n cen tra ­
t i o n s  much l e s s  than  1 ppm. Spark -sou rce  mass spec trom etry  
i s  no t w idely  used because  of th e  expense o f  the  equipment 
and th e  r e l a t i v e l y  poor a c c u ra c y . 1 6  Atomic f lu o re sc e n c e  
l ik e w ise  i s  n o t  w idely  used , a l th o u g h  i t  p o sse s se s  th e  
re q u i re d  s e n s i t i v i t y . 1 0 1  One o f  th e  main problems w ith  
t h i s  tech n iq u e  i s  s c a t t e r e d  l i g h t .  An example o f  the  
d e te rm in a tio n  o f  cadmium in  b lood  u s in g  atom ic f lu o re sc e n c e  
spec trom etry  has r e c e n t ly  been r e p o r te d  by M ichel, e t  a l . 1 0 2
6 . Need f o r  an Improved A n a ly t ic a l  P rocedure
Each o f  th e  a fo rem entioned  a n a l y t i c a l  tech n iq u es
has i t s  own advantages and shortcom ings. A rough comparison 
o f  the  more w idely  used methods i s  p re se n te d  in  Table 2.
The s e n s i t i v i t i e s  g iven  a re  m erely e s t im a te d  and w i l l  vary  
g r e a t ly  from la b o ra to ry  to  l a b o ra to ry  depending on the  
blank l e v e l  and th e  c r i t e r i a  used fo r  measurement and 
e x p re ss io n  o f  a d e te c t io n  l i m i t . F o r  d e te rm in a tio n  o f 
low cadmium c o n c e n t r a t io n s ,  only  n e u tro n  a c t i v a t i o n ,  
atomic a b s o rp t io n ,  and e le c tro c h e m ic a l  (anodic  s t r ip p in g )  
methods have been commonly used. None o f  th e  re p o r te d  
methods r e p re s e n ts  a t ru e  d i r e c t  d e te rm in a tio n ,  in  which 
no sample p re tre a tm e n t  o r  ash ing  i s  in v o lv ed . Such a 
d i r e c t  method i s  very  d e s i r a b le  because i t  e l im in a te s  
bo th  con tam ination  due to  re a g e n ts  added and lo s s e s  due to  
v o l a t i l i z a t i o n .  The speed and s im p l ic i ty  o f  a n a ly s i s  
a lso  i s  s i g n i f i c a n t l y  in c re a se d .
The use o f  the  Robinson q u a r tz  "T" a to m ize r  made 
d i r e c t  a n a ly s is  o f  b i o lo g ic a l  samples p o s s ib le .  There 
were s e v e ra l  advantages in  th e  use o f t h i s  techn ique  as 
opposed to  co n v en tio n a l methods o f  a n a l y s i s .  F i r s t ,  
a to m iza t io n  was a o n e -s te p  p ro c e ss ,  e l im in a t in g  th e  
n e c e s s i ty  o f  p r e c i s e  program c o n t r o l .  Secondly, th e  sample 
was in  c o n tac t  w ith  th e  bed f o r  s e v e ra l  seconds, a l lo w in g  
a more complete breakdown of the  sample m a tr ix  w ith o u t 
p rev io u s  ash ing  s te p s .  The m a tr ix  was e f f e c t i v e l y  reduced 
to  CO and H2 , reduc ing  th e  m o lecu la r  background. At th e  
same t im e , m e ta ls  were more e f f i c i e n t l y  a tom ized , e l im in a t in g
Table 2
COMPARISON OF ANALYTICAL TECHNIQUES FOR THE DETERMINATION OF CADMIUM IN BIOLOGICAL MATTER1
Technique
Spectrophotom etry
D ith izone
E le c tro c h e m is try
DC polarography  
P u lse  po larography 
Anodic s t r i p p in g  
voltammetry
Spectroscopy
Atomic Emission 
Atomic A bsorption 
(Flame)
Atomic A bsorption  
(Furnace)
Atomic F luorescence
Neutron A c t iv a t io n
Mass Spectrom etry 
Spark source
S e n s i t i v i t y
(ppb)
50
1,000
10
1
50
10
1
1
1-10
10-100
Accuracy
(%)
5-10
5-10
10
20
5
5
10
10
20
20
Sample
P re p a ra t io n
A sh in g ,so lu t io n
A shing, s o lu t io n  
A shing, s o lu t io n  
A shing, s o lu t io n
A sh in g ,so lu t io n  
Ashing
Sample
Size
5 ml
1 - 1 0  ml 
1 - 1 0  ml 
1 - 1 0  ml
5 ml 
5-10 p i
A sh in g ,so lu t io n *  10-100 mg
S k i l l
Required
High
High
High
Moderate
High
Moderate
Moderate
Moderate
Moderate
High
* Ashing and d i s s o lu t io n  n ecessa ry  fo r  rad iochem ica l s e p a ra t io n s .
chem ical i n t e r f e r e n c e s .  Since a to m iz a t io n  took p la c e  o u ts id e  
o f the  l i g h t p a t h ,  s c a t t e r  and background a b s o rp t io n  caused 
by smoke o r  bu rn in g  o rg an ic  m a t te r  was d ec reased .
Another advantage o f  the  q u a r tz  "T" a tom izer  was 
t h a t  th e r e  was no lo s s  o f sample. This was avoided because 
a l l  th e  sample e lem ents  were drawn through  th e  bed and th e  
l i g h t p a t h .  The a b s o rp t io n  s ig n a l  was c o n s ta n t ly  m onito red . 
F in a l ly ,  the  more e f f i c i e n t  a to m iz a t io n  as  w e l l  a s  the 
long l i g h tp a th  s u f f i c i e n t l y  in c re a se d  th e  s e n s i t i v i t y  o f  
the  q u a r tz  "T" so t h a t  p re c o n c e n t ra t io n  of th e  sample was 
unnecessary .
EXPERIMENTAL 
1. Equipment
This s e c t io n  d e s c r ib e s  th e  components o f  th e  
s in g le  beam atom ic a b s o rp t io n  sp e c tro m e te r  used in  t h i s  
re s e a rc h .  Some components were designed  in  th e se  la b o ra ­
t o r i e s ,  w h ile  o th e r s  were u n i t s  taken  from commercial 
equipment. The sp e c tro m e te r  was f i r s t  assembled and used 
by a form er member o f  t h i s  re se a rc h  group, D. K. W o lco tt . 7 3
A diagram o f  th e  o p t i c a l  l i g h t  p a th  can be found in  
F igure  3. Because t h i s  was a s in g le  beam system , p e r io d ic  
m o n ito rin g  o f  the  l i g h t  i n t e n s i t y  and d e t e c to r  response  was 
n e c e s sa ry .  Although t h i s  requ irem ent was an inconvenience 
which could  have been e l im in a te d  by u s ing  a double beam 
system , i t  was n o t  f e l t  t h a t  th e  in c re a se d  com plexity  o f
( 1) ( 2 ) (3) (2) (4)
FIGURE 3
OPTICAL LIGHT I’A'Ill OF HIE SINGLE-UEAH
AnSOHITION SYSTEM
(Reference 57* used by pe rm iss ion)
1)  Source: Hollow Cathode Lamp
2) Focusing l.ens
3 )  Atomizer
/j) Crating Honochomator 
5) I'liotdiiul ti pi io r  Tulio (D etec to r)
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a double beam in s tru m en t o f fe re d  s u f f i c i e n t  advantage 
over the  s im p le r  s in g le  beam o p t i c s .
A l i s t  o f  components fo llow s below. A schem atic  
diagram of the complete system i s  p re se n te d  in  F igure  4.
a .  L ig h t  so u rce :  Barnes Glomax Demountable Hollow
Cathode Lamp System
b. Chopper: J a r r e l -A s h  m echan ica l,  from a Model 82-360
atomic a b s o rp t io n  in s trum en t
c. Atomizer: designed  and c o n s tru c te d  by p rev io u s
r e s e a rc h e r s  (F igure  1)
d. Monochromator: J a r r e l -A s h  Model 82-000, 0 .5  m eter
E be rt  scanning  monochromator w ith  v a r i a b le  s l i t s
e .  D e te c to r :  J a r r e l l - A s h  Model R106 p h o to m u l t ip l ie r
f .  A m p lif ie r :  P.A.R. Model 126 lo c k - in  a m p l i f ie r  w ith
Model 184 p h o to m e tr ic  p r e a m p l i f i e r
g. Recorder: Beckman Model 10005, 10-inch  p o te n t io -
m e tr ic  s t r i p - c h a r t  r e c o rd e r
h . D e te c to r  power supply : H ew le tt-P ackard  H arrison
Model 6515-A, 0-1600 v o l t ,  0-5 mA
i .  Radiofrequency g e n e ra to r :  Lepel Model T -5 -3 -m c - j-b , 
5000 w a t t ,  3-10 MHz
j .  C e l l  vacuum pump: Thomas Model 107CA20-1
k .  Lamp vacuum pump: Welch Duo-Seal, Model 1404
1. Flowmeters: Matheson Model 7728, S e r ie s  602;
Brooks S e r ie s  2-65B
m. P o te n t io m e te r :  H e lio p o t  Corp. Model T-10-A, 10,000 ohm,
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FIGURE 4
BLOCK DIAGRAM OF ATOMIC ABSORPTION UNIT
(Reference 10L; used by perm iss ion )
c oo c
e a t  So
1
1. HOLLOW CATHODE LAMP 
Z  CHOPPER
3. PLANO-CONVEX LENS
4. SAMPLE INTRODUCTION
5 . R F  COILS
6. ATOMIZER-CELL 10. POWER SUPPLY
7. FLOWMETER 11. MONOCHROMATOR
8. AIR PUMP 12. AMPLIFIER
9. PHOTOMULTIPLIER 13. POTENTIOMETER
14. RECORDER
t e n - tu r n
n .  O p tic s :  A m ersil Corp. S u p ra s i l  Grade fused  s i l i c a
le n se s  w ith  180.0 nm tra n sm iss io n  c u to f f  
o. O ther equipment:
i .  Eppendorf 5 y l a u to p ip e t te
i i .  F in n p ip e t te  1-5 y l  a u to p ip e t te  
i i i .  Hamilton m i c r o l i t e r  sy r in g e ,  No. 701, 10 y l ,  
w ith  Chaney a d ap te r  
i v .  Whatman 41 a s h le s s  f i l t e r  paper 
v. Union P o c o -G ra f i l t e r s  carbon f i l t e r s ,  grade XA3 
v i .  U ltra ca rb o n  U l t r a  "F" P u r i ty  carbon rods 
v i i .  S p e c t ro sc o p ic a l ly  pure q u a r tz ,  General E l e c t r i c  
type R-204 
v i i i .  6  mm p ap er  punch
i x .  O p t ic a l  pyrom eter, Leeds and Northrup Model 
8632-C, 750°-3500°C tem pera tu re  range 
The major components o f  the system a re  d e sc r ib e d  in  
more d e t a i l  below.
a .  L ig h t  so u rc e .  A commercially a v a i l a b le  demountable 
hollow cathode lamp (Barnes E ngineering  Company, Stamford, 
Conn.) was used f o r  p a r t  o f  t h i s  re s e a rc h .  The advantage 
o f a demountable hollow  cathode was th e  speed and ease w ith  
which th e  cathode could  be removed and r e p la c e d  to  change 
the  elem ent b e ing  determ ined . The commercial design  was 
m odified  and red es ig n ed  by W o lc o tt ; 7 3  s u b se q u e n tly ,  improve­
ments were made on t h i s  des ign  to  overcome problems w ith
a i r  le a k s  by R. B in d e r 1 0 3  and L. Rhodes . 5 7  The design  
which was used f o r  p a r t  o f  the work d e sc r ib e d  in  t h i s  
d i s s e r t a t i o n  i s  shown sc h e m a tic a l ly  in  F igure 5 .  The 
o p e ra t in g  c o n d i t io n s  used f o r  cadmium d e te rm in a tio n s  were 
He f i l l e r  gas a t  8  mm Hg and a c u r re n t  o f  30 mA. The 
a n a l y t i c a l  l i n e  used was the  resonance l i n e  a t  2288A.
b. Chopper. The purpose o f  a chopper was to  c re a te  
a modulated s ig n a l  from th e  hollow  cathode lamp which 
was then d i r e c te d  through the  l i g h t  p a th  o f  the a tom izer .  
The a m p l i f i e r  used was A.C. and so m onitored  only the  
i n t e r r u p t e d  l i g h t  e m it te d  from th e  lamp. Any em ission  of 
l i g h t  caused by atoms in  the  l i g h t  pa th  r e tu rn in g  to  the 
ground s t a t e  was D.C. and so was no t d e te c te d .  The 
p r a c t i c e  o f  u s ing  a chopper thus e l im in a te d  s p e c t r a l  
i n t e r f e r e n c e s  due to  em ission  by components o f  th e  sample.
c. Atomizer. The a tom izer  i s  i l l u s t r a t e d  in  F igure 1. 
The a b s o rp t io n  c e l l  was c o n s tru c te d  o f s p e c t ro s c o p ic a l ly  
pure  q u a r tz  in  th e  s h a p e 'o f  a "T". Two q u a r tz  d isk s
were fu sed  to  th e  ends o f the  c ro s s p ie c e ,  which se rved  as 
the  l i g h t p a t h  o f the  c e l l .  Two vacuum p o r t s ,  lo c a te d  
approx im ate ly  one in ch  from th e  d i s k s ,  were connected to  
a pump which m a in ta in ed  a c o n s ta n t  flow through the  c e l l .  
The l i g h tp a th  p o r t io n  o f  the  c e l l  was wound w ith  nichrome 
w ire  and s e v e ra l  l a y e r s  o f  a s b e s to s  cord and ta p e ;  
approx im ate ly  6  amps o f  c u r re n t  was passed  through th e  w ire  
to  h e a t  th e  l i g h t  p a th  to  a tem pera tu re  o f a t  l e a s t  900°C.
PVC
BODY
QUARTZ
WINDOW
COOLING
WATER ANODECATHODE T'
GAS INGAS OUT
FIGURE 5
DEMOUNTABLE HOLLOW CATHODE LAMP
(Reference 103; used by perm ission) Kn
to
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This e le v a te d  tem p era tu re  was designed  to  a s su re  t h a t  
atoms e n te r in g  th e  l i g h t  pa th  remained in  the  atom ic s t a t e  
f o r  a b so rp t io n  to  occu r .
The v e r t i c a l  stem o f  th e  "T" a b s o rp t io n  c e l l  was 
f i t t e d  w ith  a q u a r tz  in n e r  s le e v e .  This s le e v e  was packed 
w ith  p ie c e s  o f  carbon , approxim ate ly  1  cm in  le n g th ,  cu t 
from s p e c t ro s c o p ic a l ly  pure  U ltraca rb o n  ro d s .  The bottom 
o f  the  in n e r  s le e v e  was s l i g h t l y  ta p e re d  to  ho ld  a carbon 
d isk  approx im ate ly  3 mm th ic k  which served  to  ho ld  the  
carbon p ie c e s  in  th e  q u a r tz  tu b e .  Holes were machined 
in to  the carbon d isk  to  a llow  f re e  a i r  flow through the  
a tom izer  c e l l .  Use o f th e  in n e r  s lee v e  had th re e  impor­
t a n t  advan tages .  F i r s t ,  i t  p rev en ted  d e v i t r i f i c a t i o n  o f  
the  a b so rp t io n  c e l l  i t s e l f  caused by re p e a te d  h e a t in g  
of the  carbon bed . Secondly, the  in n e r  s le e v e s  could be 
e a s i l y  re p la c e d  when they  became d e v i t r i f i e d .  T h ird ly ,  
the  s le e v e s  could be e a s i l y  removed f o r  r e f i l l i n g  w ith  
f r e s h  carbon w ith o u t  d ism a n t l in g  the  e n t i r e  a b s o rp t io n  
c e l l .  A more d e t a i l e d  i l l u s t r a t i o n  o f  the  a to m ize r  s e c t io n  
o f  the  a b so rp t io n  c e l l  i s  shown in  F igure 6 .
The bed was h e a te d  by coup ling  w ith  a rad io freq u en cy  
(RF) g e n e ra to r  and was m ain ta ined  a t  1450°-1500°C. An 
o p t i c a l  pyrom eter was used to  m onito r the  tem pera tu re  o f  
the carbon bed d u r in g  use . At tem p era tu re s  above 1550°C, 
the  q u a r tz  became s o f t  and the  l i f e t i m e  o f th e  a b so rp t io n  
c e l l  was g r e a t l y  reduced . The m e l t in g  p o in t  o f  q u a r tz
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(supports Carbon Bed)
L I G H T  P A T H
FIGURE 6  
CARBON BED ATOMIZER
(Reference 73* used by p e rm iss io n )
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(1650°C) re p re s e n te d  th e  upper tem pera tu re  l i m i t  a t  which 
the a to m ize r  could  be o p era ted .
Oxygen in  the a i r  drawn over  th e  carbon bed was 
converted  p r im a r i ly  to  CO a t  tem p era tu re s  g r e a t e r  than 
900°C. This p rov ided  a reducing  atmosphere fa v o ra b le  
to  the  fo rm ation  o f f r e e  atoms from a sample in tro d u ce d  
onto the  bed.
The bed was c leaned  b e fo re  use each day by h e a t in g  
i t  to  1450°-1500°C and a llow ing  th e  resonance s ig n a l  to 
r e tu r n  to  b a s e l in e .  At t h i s  p o i n t ,  i t  was assumed th a t  
no cadmium con tam ination  was p re s e n t  on th e  su r fa c e  of 
the  carbon composing the bed.
d. Monochromator and d e te c to r .  L ig h t  p a s s in g  through 
the  a to m ize r  was focused  onto the  e n t ra n c e  s l i t  o f  a mono­
chrom ator. The monochromator co n ta in ed  a d i f f r a c t i o n  
g r a t in g  ( 1 1 2 0  l i n e s  p e r  mm) which s e p a ra te d  the  wavelength 
o f  i n t e r e s t  and focused  i t  onto  the p h o to m u l t ip l i e r .  The 
s ig n a l  was then  a m p l i f ie d  u s ing  a p h a s e - s e n s i t iv e  A.C. 
a m p l i f i e r  and reco rd ed .
2. Procedures  fo r  O b ta in ing  Blood Samples
Blood samples were o b ta in e d  from th e  LSU Student 
H ealth  S erv ice  la b o ra to ry .  Samples were c o l l e c te d  from 
LSU s tu d e n ts  by H ea lth  S e rv ice  p e rso n n e l ,  u s in g  c leaned  
and s t e r i l i z e d  n e e d le s  and g la s s  V acu ta in e r  v i a l s .  K.2 “EDTA 
was p re se n t  in  the  v i a l s  to  p rev en t  c o a g u la t io n .  Samples 
were s to r e d  i f  n e c e s sa ry  a t  4°C.
I t  was thought t h a t  the  p resence  o f EDTA would 
complex some o f the  m eta ls  p re s e n t  and minimize t h e i r  
p l a t i n g  ou t onto the w a l ls  o f  th e  c o n ta in e r .  EDTA would 
a l s o  d ec rease  chemical i n t e r f e r e n c e s  by p u t t i n g  much o f 
the  cadmium in  the  EDTA-complexed form.
3. Development o f  a Technique f o r  the  D ire c t  D eterm ination
of Cadmium in  Whole Blood
This s e c t io n  d e s c r ib e s  the  v a r io u s  tech n iq u es  
which were in v e s t ig a t e d  in  th e  development o f  a s u i t a b l e  
method f o r  d i r e c t l y  de te rm in in g  cadmium in  whole b lood .
I t  was d e s i r a b le  t h a t  a method meet th e  fo llo w in g  r e q u i r e ­
ments in  o rd e r  to  be an a c c e p ta b le  means o f a n a ly s i s .
a .  No sample p re t re a tm e n t .  Any a d d i t io n  o f  r e a g e n ts ,  
d i l u t i o n ,  s e p a ra t io n ,  or ash in g  p rocedures  would be a 
source o f  con tam ina tion  e r r o r s  o r  lo s s  o f  v o l a t i l e  cadmium. 
T h e re fo re ,  i t  was co n s id e red  o f prim ary  im portance th a t  
the  method should  be f o r  th e  d i r e c t  a n a ly s is  o f  whole 
b lood ; t h a t  i s ,  a n a ly s i s  w ith  no p r i o r  sample t re a tm e n t .
b .  Low b lank  l e v e l .  The a b so rp t io n  due to  cadmium in  
any b lank  d e te rm in a tio n  should  be minimized.
c. Low background (m olecu lar)  a b so rp t io n .  The 
a b so rp t io n  o f  m o lecu la r  s p e c ie s ;  t h a t  i s ,  n o n - s p e c i f ic  
a b s o rp t io n ,  must be kep t as low as p o s s ib le .
d. S im ple, r e p ro d u c ib le  sampling. An a l i q u o t  o f  sample 
f o r  a n a ly s is  must be e a s i l y  and a c c u ra te ly  m easurab le .
e .  R e p ro d u c ib i l i ty .  The a b s o rp t io n  f o r  re p e a te d
a l iq u o t s  o f  th e  same sample must be as r e p ro d u c ib le  as 
p o s s ib le .  This p ro p e r ty  depended on many o f  th e  c o n d i t io n s  
o f  a n a ly s i s ,  such as  bed te m p e ra tu re ,  a i r  flow , re p ro d u c ib le  
sample s i z e ,  r e p ro d u c ib le  b la n k ,  and c o n d i t io n  o f  th e  
carbon bed. I t  proved to  be th e  most d i f f i c u l t  requ irem ent 
to  f u l f i l l  and th e  source  o f  th e  most f r u s t r a t i o n .  
R e p ro d u c ib i l i ty  w i l l  be f u r t h e r  d isc u sse d  in  l a t e r  s e c t io n s .
f .  S e n s i t i v i t y .  The method chosen must be s u f f i c i e n t l y  
s e n s i t i v e  to  a llow  d i r e c t  measurement o f  cadmium a t  the  
ppb l e v e l .
S ev era l  p ro ced u res  f o r  th e  a n a ly s i s  of whole blood 
f o r  cadmium were a t tem p ted ,  w ith  v a ry in g  amounts o f 
su c c e ss .  Each o f  th e se  techn iques  w i l l  be d isc u sse d  
s e p a r a te ly .
a .  D ire c t  I n j e c t io n  o f  Whole Blood
One o f  th e  f i r s t  methods o f sample in t ro d u c ­
t i o n  a ttem pted  was th e  d i r e c t  i n j e c t i o n  o f a 5 -p l  
a l i q u o t  o f whole b lood  u s ing  an Eppendorf m ic ro p ip e t te .
The sample was i n j e c t e d  onto th e  top o f  the  h o t  (1450°- 
1500°C) carbon bed . This was th e  r o u t in e  method of 
i n j e c t i o n  f o r  aqueous s ta n d a rd s ;  good r e p r o d u c i b i l i t y  had 
always been o b ta in e d  f o r  such s o l u t i o n s . U n fo r tu n a te ly ,  
r e p r o d u c i b i l i t y  f o r  d i r e c t  i n j e c t i o n  o f  b lood  was very  
p oor;  su c c e ss iv e  sample a l i q u o t s  gave w ide ly  v a ry in g  
a b s o rp t io n  s ig n a l s .  This problem was though t to  be due 
m ainly  to  th e  v isc o u s  n a tu r e  o f  whole b lood  and th e
d i f f i c u l t y  in  com plete ly  e j e c t in g  a l l  o f  th e  sample out 
o f  th e  p i p e t t e .  At t im e s ,  i f  the  sample was n o t  i n j e c t e d  
r a p id ly ,  h e a t  from the  carbon bed caused th e  p i p e t t e  t i p  
to  c log  o r  caused some o f  th e  b lood sample to  co ag u la te  
on th e  edge o f th e  p i p e t t e  t i p .  Consequently , a  c o n s is te n t  
amount o f  sample was n o t  always in tro d u ce d  in to  the  a tom izer .
Rapid i n j e c t i o n  u s in g  an Eppendorf p i p e t t e  r e q u ire d  
a r a th e r  sudden e j e c t i o n  o f th e  sample from th e  p i p e t t e .
As a r e s u l t ,  many i n j e c t e d  samples h i t  the  s u r fa c e  o f th e  
carbon bed w ith  fo r c e ,  r a t h e r  than  simply f a l l i n g  onto 
the  s u r f a c e .  This sometimes caused a v i s i b l e  d i s r u p t io n  
a t  the  s u r fa c e  o f the  carbon, w ith  carbon dus t be ing  
d is lo d g e d  in to  th e  a i r  above the  bed. A f te r  some 
i n j e c t i o n s ,  a v i s i b l e  ex p lo s io n  was seen as  the  sample 
burned . These o b s e rv a t io n s  in d ic a te d  t h a t  p a r t  o f  the  
reason  f o r  in c o n s is te n c y  in  th e  a b so rp t io n  s ig n a l s  was 
a d i f f e r i n g  r e a c t io n  o f  th e  sample a t  th e  carbon s u r f a c e ,  
depending on how and where th e  sample h i t  th e  bed.
E xp los ions  a t  th e  s u r fa c e  sometimes caused carbon dust 
to  be blown i n to  th e  l i g h t  p a th ,  s c a t t e r i n g  some in c id e n t  
r a d i a t i o n .  I t  was a l s o  p o s s ib le  t h a t  such ex p lo s io n s  
exposed a new s u r fa c e  on th e  carbon p ie c e s  n ea rb y ,  con­
ta in in g  cadmium con tam ina tion  n o t  p re v io u s ly  c lean ed  by 
h e a t in g  th e  bed . Thus, the  cadmium s ig n a l  reco rd ed  fo r  
the  sample would be in  p o s i t i v e  e r r o r .  Indeed , l a r g e r  
a b s o rp t io n  s ig n a l s  were observed  when v i s i b l e  ex p lo s io n s
took p la c e  a t  th e  s u r f a c e  o f  th e  carbon bed.
Another e q u a l ly  im portan t problem w ith  th e  method of 
d i r e c t  i n j e c t i o n  was t h a t  th e  background a b so rp t io n  was 
very  h ig h .  Background or m o lecu la r  a b so rp t io n  was 
measured by th e  absorbance o f  a non-resonance l i n e  of the
O
cadmium hollow  cathode found a t  2266A. I t  was f e l t  t h a t  
t h i s  non -ab so rb in g  l i n e  was c lo se  enough to  th e  resonance 
l i n e  a t  2288X to  be r e p r e s e n ta t iv e  of m olecu lar  ab so rp t io n  
a t  th e  resonance w avelength . Our in s tru m en t d id  n o t  
have an au to m atic  background c o r r e c to r ;  t h e r e fo r e  the  
background measurement had to  be made subsequent to  the  
resonance measurement u s ing  a second a l iq u o t  o f sample.
F igure  7(a) shows a t y p i c a l  resonance ab so rp t io n  
s ig n a l  f o r  5 y l  o f  whole blood in j e c t e d  d i r e c t l y  in to  the  
a to m ize r .  F igure  7(b) r e p re s e n ts  the  background ab so rp -
O
t i o n  a t  2266A f o r  th e  same sample.
b . D ire c t  I n j e c t io n  a t  a Reduced Flow Rate
An a t tem p t was made to  reduce m olecu la r  absorp­
t i o n  by d e c re a s in g  the  flow r a t e  o f  a i r  through th e  
a to m ize r .  The normal flow r a t e  used was approx im ate ly  
2 0 0  cm3 /m in . ; reduc ing  t h i s  in c re a se d  the  amount o f  time 
th e  sample was in  c o n ta c t  w ith  the  carbon bed and thus  
a llow ed more time f o r  decom position and a to m iz a t io n  o f 
th e  blood m a tr ix .  The flow r a t e  was d ec rease d  f i r s t  to  
approx im ate ly  70 cm3 /m in , then  f u r t h e r  reduced to  10 cm3 /m in. 
Reduced flow r a t e  caused a b so rp t io n  s ig n a l s  to  be b ro ad e r
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FIGURE 7
T ypica l a b s o rp t io n  s ig n a l s  o b ta in ed  fo r  th e  d i r e c t  i n j e c t i o n  o f
5  /*1 o f  whole b lood .
6 0
4 0
20
(a )  Resonance a b s o rp t io n  (2288 A) .  (b) Background (2266 A) .
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and s h o r t e r  due to  th e  lo n g e r  p e r io d  o f  time r e q u ire d  f o r  
a l l  atoms to  flow through  th e  l i g h t p a t h .  Background 
s ig n a l s  were reduced in  s i z e ,  bu t by approx im ate ly  th e  
same f a c t o r  as th o se  reco rded  on th e  resonance w avelength . 
R e la t iv e  m o lecu la r  a b s o rp t io n  thus  was n o t  d ec reased .
Some example s p e c t r a  may be found in  F igu re  8 .
c. Sample I n t ro d u c t io n  on a Carbon Disk
The reason  fo r  th e  h igh  background a b so rp t io n  
seen when a 5 -y l  b lood  sample was in j e c t e d  d i r e c t l y  onto 
th e  carbon bed was t h a t  th e  m a tr ix  a p p a re n t ly  was no t 
broken down com pletely  b e fo re  e n te r in g  th e  l i g h t  p a th .  In 
o rd e r  to  b reak  down the  o rg an ic  m a te r ia l  in  th e  sample 
more f u l l y ,  i t  was n e c e s sa ry  to  in c r e a s e  th e  c o n ta c t  a re a  
a n d /o r  c o n ta c t  time o f  th e  sample w ith  th e  carbon and the  
reduc ing  atmosphere su rround ing  th e  carbon . I t  was 
thought t h a t  im m obiliz ing  th e  sample on a sm all carbon 
d is k ,  whicn could  th en  be dropped in to  th e  a to m ize r ,  
would accom plish  t h i s  e f f e c t .
Small d isk s  o f  approx im ate ly  6  mm d iam ete r  were cut 
from 47-mm d iam eter  carbon f i l t e r  d isk s  ( P o c o - G r a f i l t e r s , 
grade XA3) u s ing  a l a t h e .  The d isk s  were f i r s t  c leaned  by 
p la c in g  them in  th e  carbon bed o f th e  a tom izer  and h e a t in g  
th e  a tom izer  to  1450°-1500°C u n t i l  th e  s ig n a l  a t  the
O
cadmium resonance l i n e  o f  2288A re tu rn e d  to  b a s e l in e .  The 
c le a n  d isk s  were then s to r e d  in  c leaned  p o ly e th y le n e  v i a l s  
u n t i l  needed.
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FIGURE 8
T ypica l a b s o rp t io n  s ig n a l s  o b ta in ed  fo r  d i r e c t  i n j e c t i o n  o f  5 
o f  whole blood a t  a reduced flow r a t e  ( 1 0  cm3 /m in ) .
whole blood
•30
whole blood
5 ppb Cd
•20
•10
5 ppb Cd
(a) Resonance absorption  (2288 A ) .  (b) Background (2266 A ) .
One-yl samples o f  b lood were p laced  on th e  carbon 
d isk s  u s ing  a Hamilton m i c r o l i t e r  sy r in g e  w ith  a Chaney 
a d a p te r .  The a d a p te r  in c re a se d  th e  c o n s is te n c y  w ith  which 
a 1 -y l  a l iq u o t  could  be measured f o r  a n a l y s i s .  The 
carbon d isk  was then  dropped onto th e  s u r fa c e  o f  th e  carbon 
bed , where the  sample was atom ized.
S ev e ra l  problems were encountered  w ith  t h i s  tech n iq u e .  
F i r s t ,  a lthough  th e  c leaned  carbon d isk s  were found to  
show a very  low b lank  a f t e r  removal from th e  carbon bed, 
i t  was observed  t h a t  they became contam inated  w ith  time 
when s to r e d .  Even when enc losed  in  a c leaned  p o ly e th y len e  
v i a l ,  o v e rn ig h t s to r a g e  sometimes r e s u l t e d  in  as much 
as a 100% in c re a s e  in  b lank  a b s o rp t io n  s ig n a l .  Disks 
th u s  had to  be c lean ed  l e s s  than  24 hours  b e fo re  use .
The p o r o s i ty  o f  th e  carbon d isk s  was a l s o  observed 
to  cause problems in  r e p r o d u c ib i l i t y  i f  th e  d isk s  were 
reco v ered  and reu sed . Those carbon d isk s  which were 
porous r e s u l t e d  in  b ro a d e r  and s m a l le r  a b s o rp t io n  s ig n a l s  
when used f o r  in t ro d u c t io n  o f  a given blood sample. This 
was thought to  be due to  the  sample soak ing  in to  th e  
carbon. During a to m iz a t io n ,  a lo n g er  p e r io d  o f  tim e 
(perhaps an a d d i t i o n a l  2-3  seconds) was n e c e s sa ry  to  
v a p o r iz e  a l l  th e  sample out o f  th e  carbon m a tr ix .  This 
caused a  b ro ad er  s ig n a l .
Recycled d isk s  were a lso  observed  to  contam inate  
more q u ic k ly  when s to r e d .  I t  became apparen t t h a t  r e p e a te d
h e a t in g  by c o n ta c t  w ith  th e  carbon bed a tom izer  made the  
carbon d isk s  a c t i v e ,  in  which form they adsorbed and more 
t i g h t l y  m a in ta in ed  m e ta ls  to  which they  were exposed.
This le d  to  i r r e p r o d u c ib le  s ig n a l s  when th e  carbon d isk s  
were o f v a ry in g  p o r o s i ty .  To avoid  t h i s ,  i t  was n ecessa ry  
to  use each d isk  only  once. S t i l l ,  i t  was observed th a t  
aqueous s ta n d a rd s  gave d i f f e r e n t l y  shaped s ig n a l s  from 
b lood  sam ples, i n d i c a t in g  th a t  th e  a b so rp t io n  o f  th e  
sample in to  th e  carbon was m a tr ix -d ep en d en t.
A t h i r d  problem encoun te red  in  th e  use o f  carbon d isk s  
f o r  sample in t r o d u c t io n  was t h a t  the c h a ra c te r  o f  the  
a tom izer  bed changed as d isk s  accumulated on th e  s u r fa c e .  
The sm a ll ,  t h in  carbon f i l t e r s  d id  n o t couple w e l l  w ith  
the  RF g e n e ra to r ;  as  a r e s u l t ,  the su r fa c e  of th e  bed 
where d isk s  were p r e s e n t  became c o o le r  than  th e  bulk  o f 
the  a tom izer  bed. This changed th e  a to m iz a tio n  e f f i c i e n c y  
and th e r e fo r e  the  s e n s i t i v i t y  o f  th e  a n a ly s i s ,  e s s e n t i a l l y  
w ith  each a d d i t i o n a l  sample. C onsequently , th e  a b s o rp t io n  
s ig n a l s  o b ta in e d  became s m a lle r  and b ro ad e r  as su ccess iv e  
samples were ana lyzed . R e p ro d u c ib i l i ty  a l s o  d ecreased .
A f o u r th ,  and perhaps  the  most s i g n i f i c a n t  d i f f i c u l t y  
w ith  th e  carbon d isk  method was t h a t  th e  background 
a b s o rp t io n  was no t d e c rease d .  The s ig n a l s  o b ta in e d  us ing  
th e  non-resonance  l i n e  were o f th e  same s iz e  as those  
observed  when m o n ito rin g  the  resonance w avelength  o f 2288X. 
One c o n t r ib u t io n  to  th e  background s ig n a l  could r e s u l t
from th e  r a t h e r  heavy and r i g i d  carbon d isk  s t r i k i n g  the 
s u r f a c e  o f  th e  a tom izer  bed w ith  s u f f i c i e n t  fo rc e  to  
d is lo d g e  carbon d u s t .  This may cause some v a r i a b l e  
background a b s o rp t io n  due to  th e  p h y s ic a l  blockage and 
s c a t t e r  o f  th e  in c id e n t  l i g h t .  Example t r a c e s  o f  the  
a b so rp t io n  a t  b o th  2288A and 2266A us ing  th e  carbon d isk  
method a re  i l l u s t r a t e d  in  F igu re  9.
d. S top-f low  Methods
A s tudy  was conducted to  de term ine  w hether 
background a b s o rp t io n  could  be d ecreased  by s to p p in g  th e  
flow through th e  a to m ize r  du r in g  sample in t r o d u c t io n .  
Stopping th e  flow in c re a s e d  th e  c o n ta c t  tim e o f  th e  sample 
w ith  th e  carbon bed , the reb y  a llo w in g  more complete de­
com position  o f  th e  o rg a n ic  m a tr ix .  The p rocedure  involved  
d is c o n t in u in g  th e  flow through th e  a tom izer  c e l l  b e fo re  
in t ro d u c in g  th e  sample; th e  flow remained o f f  u n t i l  a 
s p e c i f i e d  de lay  time had e la p s e d ,  a f t e r  which th e  flow 
was resumed and th e  sample components were drawn in to  the 
l i g h t  p a th .  Delay p e r io d s  o f 10, 20, and 40 seconds 
were employed in  t e s t i n g  th e  e f f e c t  o f  d e lay  tim e on both  
background and sample a b s o rp t io n .  D ire c t  i n j e c t i o n  as 
w e l l  as  carbon d isk  in t ro d u c t io n  tech n iq u es  were s tu d ie d .
The s to p - f lo w  tech n iq u e  r e s u l t e d  in  th e  g r e a t e s t  
r e d u c t io n  in  background o f  any o f th e  methods i n v e s t i g a t e d .  
The m ajor problem w ith  t h i s  p rocedure  was th e  d i f f i c u l t y  
in  c o n t r o l l i n g  and r e p e a t in g  e x a c t ly  th e  c o n d i t io n s  fo r
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FIGURE 9
T y p ica l  a b s o rp t io n  s ig n a l s  o b ta in ed  f o r  1 ^il o f  whole blood 
in tro d u ced  on a carbon d is k .
•30
•20
•10
(a ) Resonance absorption  (2283 A ) .  (b) Background (2266 A ) .
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each su c c e ss iv e  sample. The time t h a t  th e  flow i s  d i s ­
co n tin u ed  b e fo re  sample i n j e c t i o n ,  th e  de lay  tim e , th e  
bed te m p e ra tu re ,  th e  flow p a t t e r n  through the  a to m ize r ,  
and th e  sample in t ro d u c t io n  tech n iq u e  must a l l  be r i g i d l y  
c o n t r o l le d  and re p e a te d  to  ach ieve  r e p r o d u c i b i l i t y .  I t  
was found to  be d i f f i c u l t  t o  ach ieve  t h i s  c o n t ro l  w ith o u t 
an automated system.
An a d d i t i o n a l  problem w ith  s to p - f lo w  methods was th a t  
th e  s ig n a l s  were c h a r a c t e r i s t i c a l l y  sm a ll ,  b ro ad , and 
o dd ly -shaped . Because o f t h i s ,  i t  was n o t  p o s s ib le  to  
use sim ple peak h e ig h t  as a measure o f  th e  a b so rp t io n  o f  
th e  sample; r a t h e r ,  peak a re a  was taken  to  be p r o p o r t io n a l  
to  the  c o n c e n tra t io n  o f cadmium. This means o f d a ta  
t re a tm e n t  i s  somewhat more time-consuming and in c o n v e n ie n t .  
An example o f  a b s o rp t io n  s p e c t r a  reco rded  u s in g  s to p - f lo w  
methods can be found in  F igure  10.
A comparison o f  some d a ta  o b ta in e d  on two b lood 
samples u t i l i z i n g  d i r e c t  i n j e c t i o n  and s to p - f lo w  te c h ­
n iq u es  i s  p re se n te d  in  Table 3.
e .  Sample In t ro d u c t io n  on a F i l t e r  P aper Disk
I t  was f e l t  t h a t  some means o f  im m obiliz ing  
the sample f o r  in t ro d u c t io n  in to  th e  a tom izer  was d e s i r a b l e  
in  o rd e r  to  reduce th e  m o lecu la r  background a b s o rp t io n .  
Im m obiliz ing the  sample se rved  to  in c r e a s e  the  time and 
a re a  o f c o n ta c t  o f  th e  sample w ith  th e  carbon bed , th u s  
a l lo w in g  a more complete d e s t r u c t io n  o f  th e  m a t r ix .  At
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FIGURE 10
T yp ica l  a b s o rp t io n  s ig n a l s  o b ta in ed  f o r  5  p i  o f  whole blood ( d i r e c t  
i n j e c t i o n )  u s in g  a s to p - f lo w  tech n iq u e .
"30
f20
(a ) Resonance absorption  (2288 A ) .  (b) Background (2266 A ) .
Table 3
COMPARISON OF DATA OBTAINED FOR TWO BLOOD SAMPLES USING DIRECT INJECTION AND STOP-FLOW TECHNIQUES
I n je c t io n  Method
5 y l  d i r e c t  i n j e c t i o n  
flow r a t e  2 0 0  cc/min
Method of Data 
Treatment
peak h e ig h t
Resonance 
S ig n a l  (U nits)
41
38a
Background 
S ig n a l (U nits)
44
46
% Background
107
121
5 y l  d i r e c t  i n j e c t i o n  
flow r a t e  70 cc/min
peak a r e a  f o r  
t r i a n g le ^
5
12a
3
4
60
33
5 y l  s to p - f lo w  
1 0  sec  de lay
peak a re a  f o r  
t r i a n g le ^
5
4a
3
2
60
50
5 y l  s to p - f lo w  
40 sec  delay
peak a re a  fo r  
t r a p e z o id c
11
l l a
4
2
36
18
3  The second sample l i s t e d  in  each case was t h a t  o f a  smoker; th e  f i r s t  sample l i s t e d  was a nonsmoker, 
k A * hx(b a t  h /2 )  where the  base  a t  h /2  was measured in  cm. 
c A = 1 /2 (a  + b)h  where a and b were measured in  cm.
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the  same tim e , any v e h ic le  o f  in t ro d u c t io n  must not 
change the  coup ling  c h a r a c t e r i s t i c s  o f  the  a tom izer  and 
must no t i r r e v e r s i b l y  absorb th e  sample. I t  was a lso  
n ecessa ry  t h a t  any such in t ro d u c t io n  method y ie ld  a 
low b lank  l e v e l  and l i t t l e  o r  no m olecu la r  a b so rp t io n .
The use o f f i l t e r  p ap er  d isk s  was in v e s t ig a te d  and found 
to  have th e  b e s t  com bination o f  d e s i r a b le  c h a r a c t e r i s t i c s  
o f any o th e r  tech n iq u e  t e s t e d .  The f i l t e r  paper method 
w i l l  be d isc u s se d  in  more d e t a i l  in  S ec tio n  4.
f .  E f f e c t  o f  Hemolysis on Various Techniques
I t  was thought t h a t  one means o f  reducing  
m olecu la r  a b s o rp t io n  would be to  hemolyze th e  red  b lood 
c e l l s  o f  the  samples p r i o r  to  a n a ly s i s .  Hemolysis could 
be accom plished w ith o u t  c o n ta c t  w ith  th e  sample i t s e l f  by 
s u b je c t in g  the  blood to  r a p id  and extreme changes in  
tem p era tu re .  The p rocedure  fo llow ed invo lved  f i r s t  
f r e e z in g  the  sample in  a dry ic e -a c e to n e  m ix tu re ,  then  
p u t t i n g  th e  f ro zen  sample in to  a b o i l i n g  w ate r  b a th .  Two 
c y c le s  of t h i s  t re a tm e n t  were s u f f i c i e n t  to  d e s tro y  a l l  
th e  red  b lood  c e l l  membranes.
U n fo r tu n a te ly ,  n e i t h e r  an in c re a s e  in  r e p r o d u c ib i l i t y  
n o r  a d ec rease  in  background a b s o rp t io n  was observed when 
th e  sample was hemolyzed. Hemolyzed and non-hemolyzed 
samples were ana lyzed  bo th  by d i r e c t  i n j e c t i o n  and us ing  
carbon d isk s  w ith  no obvious improvement in  e i t h e r  
r e p r o d u c i b i l i t y  o r  background a b s o rp t io n .
A. Refinement o f  th e  F i l t e r  Paper Disk Technique
a. C leaning  o f  F i l t e r  Paper Disks
Standard  Whatman #41 a s h le s s  f i l t e r  p aper  was 
cut in to  sm all d isk s  o f  approxim ate ly  6  mm d iam eter  u s ing  
a hand h o le -p u n ch e r .  I t  was found t h a t  when th e se  d isk s  
were in tro d u ce d  in to  th e  a to m ize r  and th e  a b so rp t io n
p
m onitored a t  2266A, no background a b so rp t io n  was d e te c te d .  
The p aper  was com plete ly  burned and no e f f e c t  on th e  
a to m ize r  bed was o b se rv a b le .  U n fo r tu n a te ly ,  b lan k  f i l t e r  
paper d isk s  showed an a b so rp t io n  o f th e  cadmium resonance 
l i n e  (2288.X.) which was n e a r ly  100%. O bviously , some 
means o f  c le a n in g  th e  f i l t e r  paper  o f  cadmium contamina­
t io n  was n ec e ssa ry  b e fo re  i t  could  be used to  c a r ry  a 
b lood  sample in to  th e  a tom ize r .
P rev ious  members o f t h i s  re se a rc h  group had i n v e s t i ­
ga ted  c le a n in g  o f  f i l t e r  paper  f o r  heavy m e ta ls ,  
e s p e c i a l l y  l e a d ,  u s in g  v a r io u s  le a c h in g  a g e n ts .  D. W olcott 
found a 1 0 % s o lu t io n  o f  n i t r i c  a c id  in  d e io n ized  w a te r  to  
be an e f f e c t i v e  le a c h in g  agent f o r  le a d  in  f i l t e r  p a p e r . 7 3  
Successive  le a c h in g  was recommended f o r  g r e a t e s t  e f f i c i e n c y .  
R. G arcia  experim ented  w ith  o th e r  le a c h in g  a g en ts  w ith  
l e s s  su c c e ss .  N o tab ly , EDTA was n o t found to  be e f f e c t i v e  
in  le a c h in g  le a d  from f i l t e r  p a p e r . 101*
Both 10% n i t r i c  a c id  and 0.25 M EDTA were in v e s t ig a te d  
as p o s s ib le  c le a n in g  ag en ts  f o r  cadmium co n ta in ed  in  th e  
f i l t e r  paper  d i s k s .  Those d isk s  leached  w ith  HNO3 were
found to  be more e f f e c t i v e l y  c lean ed . The procedure  which 
was found to  be most s u c c e s s fu l  in  reduc ing  cadmium con­
tam in a tio n  invo lved  su c c e ss iv e  le a c h in g  f o r  two o v e rn ig h t  
p e r io d s  u s in g  f r e s h  10% s o lu t io n s  o f  HNO3 . More f re q u e n t  
changing o f the  HNO3 s o lu t io n  seemed to  a s su re  a lower 
b lan k ; however, two o v e rn ig h t soak ings were found to  
reduce th e  cadmium s ig n a l  from a b lank  f i l t e r  p ap er  d isk  
to  an a c c e p ta b le  l e v e l .  A f te r  soaking  in  th e  HN03 
s o lu t io n ,  th e  d isk s  were r in s e d  in  a Buchner funne l w ith  
approx im ate ly  2 0 0  ml o f w a te r  and p a r t i a l l y  d r ie d  u s in g  
vacuum s u c t io n .  They were then  allow ed to  a i r  dry in  a 
c lean  a i r  environment b e fo re  u se .  I t  was found t h a t  
p la c in g  a f i l t e r  p ap er  c i r c l e  over the  d isk s  in  th e  
Buchner fu n n e l  w hile  s u c t io n  was a p p l ie d  s i g n i f i c a n t l y  
reduced any reco n tam in a tio n  o f  the  d isk s  from th e  a i r  
b e ing  p u l le d  over  them.
b. Sample I n t ro d u c t io n  Technique
A ctual sample in t ro d u c t io n  u s ing  the  f i l t e r  
paper  d isk s  was e s s e n t i a l l y  th e  same as t h a t  u s in g  carbon 
d i s k s .  One y l  o f  whole b lood was p laced  on th e  d isk  u s in g  
a  Hamilton m i c r o l i t e r  sy r in g e  and th e  d isk  and sample were 
dropped onto th e  s u r f a c e  o f th e  h o t  carbon bed a to m ize r .  
The f i l t e r  paper  was com plete ly  burned and th e  sample 
decomposed and atom ized . S tandards  were analyzed  in  an 
i d e n t i c a l  manner.
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c. Blank and Background Measurements
S ev era l  b lan k  f i l t e r  paper  d isk s  were analyzed  
r o u t in e ly  so t h a t  th e  absorbance due to  th e  b lank  could 
be s u b t r a c te d  from th e  sample s ig n a l .  A b lank  a n a ly s is  
a l s o  was run on the  sample c o l l e c t i o n  v i a l s  to  e s t a b l i s h  
t h a t  no con tam ina tion  was in tro d u c e d  in to  th e  b lood sample 
from th e  V acu ta in e r  v i a l  o r  th e  EDTA a n t i - c o a g u la n t  i t  
c o n ta in ed .  V acu ta in e r  v i a l s  were f i l l e d  w ith  d e io n ized  
w a te r  and t h i s  s o lu t io n  analyzed  f o r  cadmium by d i r e c t  
i n j e c t i o n  o f a 5 - y l  a l i q u o t .  The a b s o rp t io n  s ig n a l s  
o b ta in ed  were equa l to  th o se  seen f o r  5 y l  o f  d e io n ized  
w a te r  a lo n e ,  i n d i c a t in g  t h a t  no cadmium was in tro d u ce d  
from the  g la s s  c o n ta in e r  o r  th e  a n t ic o a g u la n t .
M olecular a b s o rp t io n  was measured us ing  th e  2266& 
non-resonance  l i n e  o f  cadmium.
d. C a l ib r a t io n  P rocedures
C a l ib r a t io n  was f i r s t  a t tem p ted  u s in g  aqueous 
s ta n d a rd s .  The s ta n d a rd s  were in tro d u c e d  in to  the a tom izer  
in  th e  same manner as  were th e  b lood  sam ples; t h a t  i s ,
1  y l  was p laced  on a f i l t e r  paper  d isk  and dropped onto 
the  s u r fa c e  o f the carbon bed. Although l i n e a r  c a l i b r a t i o n  
curves were o b ta in e d  in  t h i s  manner, i t  was f e l t  t h a t  use 
o f  s ta n d a rd s  w ith  such a d i f f e r e n t  m a tr ix  from t h a t  o f  the 
sample b e in g  an a ly zed  would no t y i e l d  r e l i a b l e  r e s u l t s .  
Consequently , c a l i b r a t i o n  was c a r r i e d  out u s in g  the  
method o f  s ta n d a rd  a d d i t i o n s .
In  th e  p r e p a ra t io n  o f  s ta n d a rd  a d d i t i o n s ,  a  0 .5 -m l 
a l i q u o t  o f  b lood was sp iked  w ith  50 y l  o f  an aqueous 
cadmium s ta n d a rd .  C o n ce n tra tio n s  o f  s ta n d a rd s  used were
0 .1 ,  0 .2 ,  0 .5 ,  and 1 .0  ppm Cd. One-yl a l i q u o t s  o f  the 
sp iked  sample were tak en  f o r  a n a ly s is  on a f i l t e r  paper 
d isk .  A t y p i c a l  c a l i b r a t i o n  curve i s  shown in  F ig u re  11. 
L a te r  t h i s  p rocedure  was a l t e r e d  s l i g h t l y  such t h a t  1 ,
2 , 3, and 5 y l a l i q u o t s  o f a 10 ppm Cd s ta n d a rd  were added 
to  0 .5 -m l a l iq u o t s  o f  b lood . This p r a c t i c e  f u r t h e r  
minimized the  e f f e c t  o f  d i l u t i o n  o f the  o r i g i n a l  sample 
w ith  th e  added s ta n d a rd .  Comparable c a l i b r a t i o n  curves  
were o b ta in e d  fo r  th e  two methods.
The same b lood sample was used in  p re p a r in g  a l l  fou r  
s ta n d a rd s .  Aqueous s ta n d a rd s  used f o r  th e  s ta n d a rd  a d d i t io n s  
were made up weekly and s to r e d  in  p o ly e th y le n e  v i a l s .  A ll  
g lassw are  and s to ra g e  c o n ta in e r s  were p r e - e q u i l i b r a t e d  
w ith  cadmium s o lu t io n s  a t  th e se  c o n c e n tra t io n s  and were 
r o u t in e ly  used fo r  p r e p a ra t io n  o f  th e  same s ta n d a rd s .  This 
p r a c t i c e  minimized th e  lo s s  o f  cadmium from th e  s o lu t io n s  
to  th e  w a l l s  o f th e  c o n ta in e r s .
A s ta n d a rd  was re p e a te d  between each d i f f e r e n t  blood 
sample to  g ive a measure o f th e  s e n s i t i v i t y  o f th e  carbon 
bed as  a s e r i e s  o f  a n a ly se s  p roceeded . In  t h i s  way, th e  
c a l i b r a t i o n  curve could  be a d ju s te d  f o r  a g rad u a l change 
in  the  s e n s i t i v i t y  o f  th e  carbon bed w ith  tim e . A new 
c a l i b r a t i o n  curve was p rep a red  each day o r  each time the
FIGURE II
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This f ig u r e  shows an example c a l i b r a t i o n  curve o b ta in e d  fo r  
s ta n d a rd  a d d i t io n s  to  whole b lood . The samples were analyzed  
by the  f i l t e r  paper d is k  tech n iq u e .
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atom izer  bed was c lean ed  and r e p la c e d  w ith  f r e s h  carbon. 
RESULTS
1. A bsorp tion  T races  Obtained in  th e  A n a ly s is  o f  Whole 
Blood
A t y p i c a l  a b so rp t io n  t r a c e  from th e  d e te rm in a tio n  
of cadmium in  whole b lood  i s  p re se n te d  in  F igure  12, 
to g e th e r  w ith  th e  background a b so rp t io n  s ig n a l s  reco rd ed  
fo r  the  same sample. I t  can be seen t h a t  a b so rp t io n  
s ig n a l s  were sharp  and t r i a n g u l a r  in  shape, a l low ing  th e  
measurement o f  peak h e ig h t  as r e p r e s e n t a t i v e  o f  th e  
a b so rp t io n  o f  the  sample.
2. Blank and Background Measurements
Blank f i l t e r  p aper  d isk s  were ana lyzed  r o u t in e ly  
a f t e r  the  c le a n in g  p rocedure  was completed and b e fo re  
t h e i r  use fo r  sample a n a ly s i s .  The c le a n in g  method des­
c r ib e d  was found to  reduce the  a b s o rp t io n  s ig n a l  from 
b lan k  d isk s  to  approx im ate ly  th e  l e v e l  of th e  s ig n a l  
o b ta in e d  from a 5 - y l  i n j e c t i o n  o f  de io n ized  w a te r ,  o r  
about 0 .0 3  absorbance u n i t s .
M olecular a b s o rp t io n  was a l s o  r o u t in e ly  measured 
du ring  each a n a ly s is  s e r i e s .  Although a s i g n i f i c a n t  back­
ground was p r e s e n t ,  i t s  l e v e l  was co n s ta n t  and l e s s  than  
o n e -h a l f  o f  th e  resonance a b so rp t io n  s ig n a l .  Background 
absorbance could t h e r e f o r e  be s u b t r a c te d  from th e  resonance  
absorbance w ith  l i t t l e  in c re a s e  in  th e  u n c e r t a in ty  o f
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FIGURE 12
Typ ica l  a b so rp t io n  s ig n a l s  o b ta in ed  f o r  the  a n a ly s is  o f  1 o f  whole blood u s ing  the
f i l t e r  paper d isk  tech n iq u e .
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(a )  Resonance a b so rp t io n  (2208 A). (b) Background (2266 A).
the  measurement. The average va lue  o f  th e  background 
was 0 .037 absorbance u n i t s .  This va lue  corresponds to  
a s ig n a l  o f approx im ate ly  8 % a b s o rp t io n .  The background 
a b so rp t io n  was found no t to  vary  between blood samples.
3. Average C o n cen tra tio n  o f Cadmium in  Whole Blood
In  p r a c t i c e ,  a t  l e a s t  12 su c c e ss iv e  a l iq u o t s  o f  
a b lood  sample o r o f  a sp iked  s tan d a rd  were i n j e c t e d  in to  
the a to m ize r  u s ing  f i l t e r  paper  d is k s .  This made p o s s ib le  
th e  c a l c u l a t i o n  o f  a  mean and s ta n d a rd  d e v ia t io n  f o r  each 
sample. Blank and background absorbance measurements 
were s u b t r a c te d  from th e  resonance  absorbance to  o b ta in  
th e  t r u e  absorbance o f  the  cadmium in  th e  sample. The 
average t o t a l  s ig n a l  reco rded  f o r  1  y l  o f  whole blood 
u s in g  the  resonance l i n e  was approx im ate ly  18% a b s o rp t io n .
The r e l a t i v e  s ta n d a rd  d e v ia t io n  o f  th e  t o t a l  a b so rp t io n  
s ig n a l  was 15%, which corresponds to  an average d e v ia t io n  
of 2.7% in  th e  t o t a l  a b so rp t io n  measurement. I f  t h i s  
d e v ia t io n  i s  a p p l ie d  only to  the  p a r t  o f  the  absorbance 
s ig n a l  due to  cadmium, th e  r e l a t i v e  s ta n d a rd  d e v ia t io n  
o f  th e  cadmium absorbance measurement i s  approx im ate ly  
60%. This corresponds  to  an e r r o r  o f  approx im ate ly  + 6  
ppb Cd. This p r e c i s io n  could  be s i g n i f i c a n t l y  improved 
w ith  th e  use o f  au to m a tic  background c o r r e c t io n .
F igure  13 i l l u s t r a t e s  th e  d i s t r i b u t i o n  o f th e  c a lc u la te d  
cadmium c o n c e n t ra t io n s  o f  41 whole b lood sam ples. I t  can 
be seen t h a t  th e r e  i s  a  range o f c o n c e n tra t io n s  vary in g
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FIGURE 13
This f ig u r e  shows the  d i s t r i b u t i o n  of the cadmium c o n c e n tra t io n s  found in  whole blood f o r  both
smokers and nonsmokers.
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from 1 to  25 ppb Cd, w ith  a mean c o n c e n tra t io n  of 
approx im ate ly  10 ppb. Most samples were found to  c o n ta in  
cadmium in  a c o n c e n t r a t io n  between 5 and 20 ppb.
4. C o n ce n tra t io n  o f  Cadmium in  th e  Blood o f Smokers v s .
Nonsmokers
The d a ta  in  F igure 13 has been s e p a ra te d  acco rd ing  
to  smoking h a b i t s  in  o rd e r  to  determ ine w hether smoking 
a f f e c t e d  b lood  cadmium l e v e l s .  I t  was found t h a t ,  on th e  
average , th e  c o n c e n t ra t io n  o f  cadmium in  th e  b lood o f 
smokers (app rox im ate ly  11.5 ppb) was h ig h e r  than  t h a t  o f  
nonsmokers (approx im ate ly  9 ppb). Each sampling group 
e x h ib i te d  i t s  own range o f c o n c e n tra t io n s  o f  cadmium; 
th e se  ranges  p a r t i a l l y  overlapped  one a n o th e r  as can be 
seen in  F igu re  13. The range o f  cadmium v a lu e s  f o r  non- 
smokers was found to  be from 1  to  18 ppb; fu r th e rm o re , 
th e  v a lu e s  e x h ib i t e d  a f a i r l y  normal d i s t r i b u t i o n  w i th in  
t h i s  range . The s ta n d a rd  d e v ia t io n  from th e  mean fo r  
the  group o f  nonsmokers was c a lc u la te d  to  be 4 .6  ppb 
(mean [Cd] = 9 .0  ppb).
The range o f  v a lu e s  f o r  cadmium in  th e  blood o f 
smokers, on th e  o th e r  hand, was much w id er ,  ex ten d in g  from 
2 to  25 ppb Cd. The mean cadmium c o n c e n tra t io n  f o r  t h i s  
group was 11.5 ppb, and th e  s ta n d a rd  d e v ia t io n  from th e  
mean was 6 . 8  ppb.
The " s ta n d a rd  d e v ia t io n  from th e  mean" has  been c a l ­
c u la te d  h e re  only  as an i n d i c a t io n  o f  th e  amount o f  v a r i a ­
t i o n  in  b lood cadmium l e v e l s  between th e  in d iv id u a l s  in  
each group. I t  must be emphasized t h a t  t h i s  v a lu e  i s  no t 
a measure o f  th e  p r e c i s io n  o f  th e  method, nor i s  i t  a 
t ru e  measure o f  a  d e v ia t io n .  Each sample analyzed  in  th e  
c o l l e c t i o n  o f  t h i s  d a ta  was un ique; no " t r u e  va lu e"  f o r  
th e  c o n c e n tra t io n  o f  cadmium in  whole b lood  i s  known. The 
c a lc u la te d  v a lu e ,  t h e r e f o r e ,  may be co n s id e red  only as 
an in d i c a t i o n  o f  th e  ran g e , and th e  d i s t r i b u t i o n  w ith in  
t h a t  range , f o r  each group sampled.
The d a ta  in  F igu re  13 in d ic a te d  t h a t  th e r e  was a 
d i f f e r e n c e  in  b lood  cadmium l e v e l s  between smokers and 
nonsmokers. The g e n e ra l  o b se rv a t io n  could be made t h a t  
the  average smoker showed a h ig h e r  cadmium c o n c e n tra t io n  in  
th e  b lood than  th e  average nonsmoker.
DISCUSSION
1. C o n ce n tra t io n s  o f  Cadmium O btained f o r  Whole Blood 
The v a lu e s  o b ta in e d  fo r  th e  c o n c e n tra t io n  o f  
cadmium in  whole b lood were s im i l a r  to  those  r e p o r te d  by 
o th e r  r e s e a r c h e r s .  Table 4 l i s t s  the  average c o n c e n tra t io n  
o f  cadmium in  b lood  as determ ined  by t h i s  method along 
w ith  th e  c o n c e n t ra t io n s  r e p o r te d  u s ing  s e v e ra l  o th e r  
methods. I t  could  be seen in  g e n e ra l  t h a t  th o se  methods 
which employed d ry -a sh in g  s te p s ,  such as g ra p h i te  fu rnace  
atomic a b s o rp t io n  w ith  a 3 - s te p  tem p era tu re  program, 
tended to  y i e l d  r e s u l t s  lower than  th o se  o b ta in e d  by the  
method d e sc r ib e d  h e re .  On th e  o th e r  hand, those  methods
Table 4
COMPARISON OF LITERATURE VALUES FOR CADMIUM IN WHOLE BLOOD
Cone. Cd (ppb) Method Reference
10 e le c t r o th e rm a l  AAS, q u a r tz  105
"T" a tom izer
1 .3  g ra p h i te  fu rnace  AAS 93
7 .5 -9 .5  g ra p h i te  fu rnace  AAS 90
3 punched d i s k ,  71
g ra p h i te  fu rnace  AAS
10.6+4.9 w e t-a sh ,  89
g ra p h i te  fu rnace  AAS
3 1:10 d i l u t i o n ,  87
g ra p h i te  fu rnace  AAS
14 1:50 d i l u t i o n ,  8 6
g ra p h i te  fu rnace  AAS
6 .6+2.5 flame AAS 106
5 .3  APDC-MIBK e x t r a c t i o n ,  80
flame AAS
3.5+0.9  Ta b o a t  81
5 Delves cup 82
0 .6  Delves cup 83
3 .1  1:5 d i l u t i o n ,  102
atomic f lu o re sc e n c e
which employed wet d ig e s t io n s  could be seen to  have 
r e s u l t e d  in  somewhat h ig h e r  v a lu es  f o r  cadmium co n cen tra ­
t i o n s .  This o b se rv a t io n  was n o t  unexpected in  view of 
the  f a c t  t h a t  dry  ash ing  had been shown to  r e s u l t  in  
s i g n i f i c a n t  l o s s e s  o f  v o l a t i l e  cadmium, le a d in g  to  low 
r e s u l t s .  Wet a sh in g ,  however, o f te n  causes h igh  r e s u l t s  
due to  con tam ination  o f  th e  sample from the  re a g e n ts  
added.
The average c o n c e n tra t io n  o f  cadmium in  th e  blood of 
smokers (11.5 ppb) was found in  t h i s  s tudy  to  be h ig h e r  
than th a t  o f  nonsmokers (9 p p b ) . The d i f f e r e n c e  in  average 
b lood  cadmium l e v e l s  between th e se  two groups was 27%.
This d i f f e r e n c e  was s i g n i f i c a n t l y  l e s s  than  th a t  r e p o r te d  
by E in b ro d t ,  ejt j i l . ,  who found t h a t  th e  average cadmium 
c o n c e n t ra t io n  in  th e  b lood o f  smokers was 50% g r e a te r  
than  t h a t  o f  nonsm okers .61 I t  must be n o te d ,  however, 
t h a t  the  cadmium l e v e l s  re p o r te d  by th e se  workers 
(2 -3  ppb) were approx im ate ly  o n e - fo u r th  o f  th e  l e v e l s  found 
in  t h i s  r e s e a r c h .  Furtherm ore , th e  method used to  o b ta in  
th e  d a ta  was no t d e sc r ib e d .
The o v e r a l l  p r e c i s io n  o f  th e  a n a l y t i c a l  method f o r  th e  
d e te rm in a tio n  o f  cadmium in  whole blood was c a lc u la te d  to  
be approx im ate ly  60%. I t  must be n o ted  t h a t  t h i s  p r e c i s io n  
could be g r e a t l y  improved by th e  use o f au tom atic  back­
ground c o r r e c t io n .  Using th e  equipment a v a i l a b le  f o r  
t h i s  s tudy  (no au to m a tic  background c o r r e c t i o n ) , s e p a ra te
a l iq u o ts  o f b lood  had to  be used to  in d ep en d en tly  m easure 
th e  m o lecu la r background and th e  resonance a b s o rp tio n .
The d e v ia tio n  o f th e  resonance s ig n a l ,  th e r e f o r e ,  in c lu d ed  
th e  d e v ia tio n  o f th e  b lank  s ig n a l  and th e  background 
s ig n a l ,  as  w e ll as th e  d e v ia tio n  o f th e  a c tu a l  a b so rp tio n  
due to  cadmium. The e r r o r  in  th e  measurement o f th e  
a b so rp tio n  s ig n a l  th u s  i s  compounded.
The use o f  an au to m atic  background c o r re c to r  would 
s u b tr a c t  th e  d e v ia tio n  o f th e  background measurement from 
th a t  o f  th e  resonance s ig n a l .  The background a b so rp tio n  
o f  each in d iv id u a l  sample a l iq u o t  would be s u b tra c te d  a t  
th e  same tim e as th e  a b so rp tio n  o f th e  resonance l in e
was reco rd ed . The d e v ia tio n  in  th e  resonance a b so rp tio n
s ig n a l  th e r e fo r e  would be reduced , and th e  o v e r a l l  
p r e c is io n  o f  th e  measurement would be improved.
A utom atic background c o r re c t io n  i s  g e n e ra lly  in c lu d ed  
on com m ercial in s tru m e n ts ;  u n fo r tu n a te ly ,  i t  was no t 
a v a i la b le  fo r  use in  t h i s  s tu d y .
2. S tre n g th s  and W eaknesses o f th e  F i l t e r  P aper Disk
Technique
The f i l t e r  p ap er d isk  tech n iq u e  was shown to  
be s im p le , r e l i a b l e ,  and a c c u ra te  fo r  th e  d i r e c t  de term ina­
t io n  o f cadmium in  whole b lo o d . The tech n iq u e  p o ssessed  
many o f th e  c h a r a c t e r i s t i c s  which were p re v io u s ly  s ta te d  
to  be d e s ir a b le  fo r  a v a lu a b le  method o f a n a ly s is .  No 
sample p re tre a tm e n t was n e c e s sa ry , e l im in a tin g  th e  danger
o f  con tam ination  o f  th e  sample from added re a g e n ts  o r  th e  
lo s s  o f  cadmium due to  sample t r a n s f e r  o r  v o l a t i l i z a t i o n .
The b lan k  a b so rp tio n  was reduced to  a minimum so th a t  
c o r re c t io n s  could  e a s i ly  be made in  th e  absorbance v a lu e s  
o f b o th  s ta n d a rd s  and sam ples. The background ab so rp tio n  
and r e p ro d u c ib i l i ty  were a ls o  improved by th i s  tec h n iq u e ; 
how ever, th e se  p aram eters  were s t i l l  found to  p re se n t some 
problem s in  th e  ro u tin e  a p p l ic a t io n  o f th e  a n a ly s is  method. 
I t  was a ls o  observed  th a t  the  s e n s i t i v i t y  o f  th e  a n a ly s is  
seemed to  change w ith  tim e . These problem s a re  in d iv id u a l ly  
d isc u sse d  in  th e  fo llo w in g  s e c t io n s .
a . Background A bso rp tion  Due to  th e  M atrix
A lthough a b so rp tio n  due to  th e  o rg an ic  m a tr ix  
was d ra m a tic a lly  reduced  by th e  use o f f i l t e r  p ap er d isk s  
fo r  sample in t ro d u c t io n ,  a sm all background s ig n a l  was 
s t i l l  observed  when a n a ly z in g  whole b lood  by t h i s  method.
A sm all s ig n a l  would alw ays be ex p ec ted  due to  th e  absorp­
t io n  o f CO and H2  formed upon breakdown o f th e  o rg a n ic  
m a tr ix . P a r t  o f  th e  background s ig n a l  a ls o  may have been 
due to  incom plete  d e g ra d a tio n  o f th e  m a tr ix .
Some o f th e  background a b so rp tio n  could  a ls o  have 
r e s u l te d  from l ig h t  s c a t t e r in g  by carbon du st e n te r in g  
th e  l i g h t  p a th . As a f i l t e r  paper d isk  h i t  th e  s u rfa c e  o f 
the  carbon b ed , th e  im pact may cause some d is lo d g e  of 
carbon du st w ith in  th e  bed; th e  a i r  flow  th rough  th e  c e l l  
could draw t h i s  d u s t in to  th e  l i g h t  p a th  o f th e  a to m ize r .
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I t  was in  f a c t  observed  th a t  a f t e r  s e v e ra l  hours o f use 
a sm all p i l e  o f  carbon du st b u i l t  up in  th e  c ro ssp ie c e  
o f th e  q u a r tz  "T" below th e  a to m izer bed (see  F ig u re  1 ) .
This ev idence  in d ic a te d  th a t  some sm all amount o f  carbon 
d u s t d id  e n te r  th e  l i g h t  p a th  du rin g  a n a ly s is .
The a b so rp tio n  due to  incom plete  decom position o f th e  
m a trix  could  be f u r th e r  reduced by in c re a s in g  th e  c o n ta c t 
tim e o f  th e  sample w ith  th e  carbon bed . This could be 
accom plished  by d e c re a s in g  th e  flow  r a te  through th e  c e l l  
o r  in c re a s in g  th e  s iz e  o f the  bed . A lthough th e se  
ad ju stm en ts  have th e  advantage o f low ering  th e  m olecu lar 
a b s o rp tio n , th e re  were a lso  d isad v a n ta g es  in  ap p ly in g  
e i t h e r  change to  the d e sc rib e d  system .
During s tu d ie s  w ith  d i r e c t  in je c t io n  m ethods, 
d e c re a s in g  th e  flow  r a te  through th e  c e l l  was observed  to  
w iden th e  a b so rp tio n  peaks and d ecrease  th e  r e p ro d u c ib i l i ty  
o f  th e  s ig n a l s .  Broad, oddly -shaped  s ig n a ls  were much 
more d i f f i c u l t  to  m easure a c c u ra te ly .  In  a d d it io n  to  t h i s ,  
d ec reased  flow  in c re a se d  the  p o s s i b i l i t y  o f lo s s  o f some 
o f th e  vaporous sample due to  d i f f u s io n  ou t o f th e  top o f 
th e  a to m izer.
The second means o f d e c re a s in g  background a b s o rp tio n ; 
th a t  i s ,  by in c re a s in g  th e  s iz e  o r  h e ig h t o f  th e  carbon bed , 
was d i f f i c u l t  to  accom plish  w ith o u t a m ajor change in  th e  
desig n  o f th e  a to m iz e r . The carbon bed was no rm ally  packed 
to  a h e ig h t co rresp o n d in g  to  th e  edge o f th e  second topm ost
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w inding o f  th e  RF c o i l  around the  c e l l .  This bed depth  
a ssu re d  good co u p lin g  between th e  RF g e n e ra to r  and th e  
carb o n , r e s u l t in g  in  uniform  h e a tin g  o f th e  a to m izer bed .
In  o rd e r  to  change th e  depth  o f th e  bed , th e  h e ig h t o f  th e  
RF c o i l s  would have to  be a l t e r e d .
The a n a ly s is  tech n iq u e  d e sc rib e d  e x h ib i te d  the  low est 
background a b so rp tio n  o f any o f th e  t e s t e d  p ro c ed u re s . The 
amount o f m o lecu la r a b so rp tio n  was co n s id e red  to  be 
a c c e p ta b le  in  view o f  th e  s te p s  n e ce ssa ry  to  make f u r th e r  
re d u c tio n  o f  th e  background p o s s ib le .  The changes su g g ested  
above, o f c o u rse , would no t g u aran tee  a d ec rease  in  
background a b s o rp tio n  i f  they  were im plem ented,
b . R e p ro d u c ib il i ty  o f the  A bsorp tion  S ig n a l
R e p ro d u c ib il i ty  rem ained th e  b ig g e s t  problem  
in  th e  a n a ly s is  o f b lo o d  by th i s  m ethod. However, t h i s  
problem  was no t unique to  th e  f i l t e r  p ap er d isk  te ch n iq u e . 
R a th e r , la c k  o f p r e c is io n  has been th e  m ajor d isad v an tag e  
in  most o f th e  re p o r te d  methods fo r  a n a ly s is  o f  b io lo g ic a l  
m a t te r . 1 6  The in c o n s is te n c y  o f  a b so rp tio n  s ig n a ls  th a t  
was observed  in  b lood  a n a ly s is  u s in g  f i l t e r  paper d isk s  
cou ld  be a t t r i b u t e d  to  s e v e ra l  f a c to r s .
i .  D iffe re n c e s  in  b lan k  a b so rp tio n  l e v e l s .  
V a r ia tio n s  in  th e  l e v e l  o f  a b so rp tio n  due to  b lan k  f i l t e r  
p ap er d isk s  r e s u l te d  in  co rresp o n d in g  v a r ia t io n s  in  th e  
a b so rp tio n  s ig n a ls  o f  b lood  sam ples.
i i .  D iffe re n c e s  in  sample s iz e .  Any v a r ia t io n  
in  th e  s iz e  o f  th e  sample a l iq u o t  m easured o r d e liv e re d  
fo r  a n a ly s is  would cause d if f e re n c e s  in  th e  ab so rp tio n  
s ig n a ls  reco rd ed .
i i i .  D iffe re n c e s  in  th e  r e a c t io n  o f th e  sample w ith  
th e  bed. Much o f th e  v a r ia t io n  in  a b so rp tio n  s ig n a ls  
(bo th  resonance and background) could  be accounted  fo r  in  
th e  way th e  sample h i t  th e  su rfa c e  o f th e  carbon bed . The 
bed s u rfa c e  was n o t a homogeneous one; th a t  i s ,  some carbon 
p ie c e s  were h o t t e r  th an  o th e r s .  Dust which accum ulated 
around th e  edges o f th e  bed and in  th e  spaces betw een 
carbon p ie c e s  was a d i f f e r e n t  tem p era tu re  th an  th e  h a rd e r  
carbon . The p la c e  o f c o n ta c t o f  th e  sample w ith  th e  bed 
th u s  d i r e c t ly  a f f e c te d  th e  speed and e f f ic ie n c y  o f sample 
breakdown and a to m iz a tio n . A non-homogeneous tem p era tu re  
o f th e  bed s u rfa c e  was most l i k e ly  th e  g r e a te s t  cause of 
v a r ia t io n  in  a b s o rp tio n  s ig n a ls .
The mode o f c o n ta c t o f  th e  f i l t e r  p ap er d is k ;  th a t  
i s ,  w hether th e  d isk  f e l l  edgew ise o r  f l a t  on to  th e  carbon 
s u r fa c e ,  a ls o  changed th e  speed o f sample com bustion. In  
th e  same way, th e  p o s i t io n  o f th e  b lood  sp o t on th e  f i l t e r  
p ap er c i r c l e  a f f e c te d  th e  shape and s iz e  o f th e  s ig n a l .
That p a r t  o f  th e  sample n e a re r  the  edge o f th e  p ap er burned 
f a s t e r  than  th a t  n e a re r  th e  c e n te r  i f  th e  d isk  made c o n ta c t 
w ith  th e  bed edge-on .
A nother m ajor in f lu e n c e  on s ig n a l  r e p ro d u c ib i l i ty  
was w hether th e  sample and d isk  touched th e  s id e  o f th e  
a to m izer as  th ey  f e l l  toward th e  carbon bed . I t  was 
observed  th a t  th o se  sam ples which touched th e  s id e s  o f 
th e  q u a r tz  in n e r  s le e v e  b e fo re  c o n ta c tin g  th e  bed produced 
a h ig h e r  cadmium a b so rp tio n  s ig n a l .  A pparen tly  th e  d isk  
re le a s e d  some cadmium from th e  su rfa c e  of th e  q u a r tz ,  o r  
became contam inated  from c o n ta c t w ith  th e  s id e s .  This 
in d ic a te d  th a t  in  some cases  con tam ination  was n o t 
r e le a s e d  from s u r f a c e s ,  such as th e  q u a r tz  o r  carbon , 
u n le s s  d is lo d g ed  by p h y s ic a l  c o n ta c t .  This was s i g n i f i ­
can t because i t  im p lied  th a t  c o n ta c t o f  any sample w ith  
th e  s id e s  o f th e  a to m ize r o r th e  carbon i t s e l f  may r e le a s e  
some cadmium n o t o r ig in a l ly  co n ta in ed  in  th e  sam ple. In  
t h i s  c a se , ev ery  sample may g ive some sm all s ig n a l ,  even 
i f  no cadmium i s  p r e s e n t .  This absorbance by cadmium, 
o f c o u rse , should  be s u b tra c te d  from th e  sample absorbance 
a lo n g  w ith  th a t  o f th e  b lan k .
c. S e n s i t iv i ty  Changes w ith  Time
I t  was observed  th a t  th e  s e n s i t i v i t y  o f th e  
a n a ly s is  o f  whole b lood  f o r  cadmium changed as th e  le n g th  
o f  a n a ly s is  tim e , and th u s  th e  age o f  th e  carbon bed , 
in c re a s e d . This was in d ic a te d  by a change in  th e  absorbance 
o f a s ta n d a rd  ana ly zed  between each b lood  sam ple. T h is 
v a r i a t io n ,  which was w ith in  a 6 % a b so rp tio n  ran g e , could  
be e x p la in e d  by changes in  th e  e f f ic ie n c y  o f  a to m iza tio n
caused by d if f e re n c e s  in  th e  tem p era tu re  o r  s u rfa c e  
c h a ra c te r  o f  th e  bed. As th e  carbon bed became dusty  
and more po rous, th e  coup ling  e f f ic ie n c y  o f  th e  carbon to  
th e  RF g e n e ra to r  d ecreased  and th e  tem p era tu re  dropped.
This in  tu rn  changed th e  e f f ic ie n c y  o f a to m iza tio n  and th u s  
th e  s iz e  o f th e  a b so rp tio n  s ig n a l .  As was p re v io u s ly  
m entioned, t h i s  change was accounted  f o r  by measurement 
o f a s ta n d a rd  sample between each  b lood  sam ple. Any 
changes in  s e n s i t i v i t y  could  su b seq u en tly  be a d ju s te d  fo r  
in  th e  c a l ib r a t io n  curve .
CONCLUSIONS AND SUMMARY
1. I t  was shown th a t  th e  use o f th e  carbon bed a to m izer 
to g e th e r  w ith  sample in tro d u c t io n  on a f i l t e r  p ap er d isk  
was a f e a s ib le  and s u c c e s s fu l  tech n iq u e  fo r  th e  d i r e c t  
d e te rm in a tio n  of cadmium in  whole b lood . Carbon bed 
a to m iz a tio n  allow ed a more com plete breakdown o f  th e  
o rg an ic  m a tr ix , which s u c c e s s fu l ly  reduced m o lecu la r 
background. The tech n iq u e  a ls o  was s u f f i c i e n t ly  s e n s i t iv e  
so th a t  p re c o n c e n tra tio n  s te p s  were u n n ecessary . Sample 
p re tre a tm e n ts , and th e  e r r o r s  a s s o c ia te d  w ith  th e se  p ro ­
ce d u re s , were th u s  avo ided . In  a d d i t io n ,  th e  tech n iq u e  
was sim ple and a n a ly s is  ra p id .
2 . This tech n iq u e  would be e a s i ly  a p p lic a b le  to  o th e r  
b io lo g ic a l  m a te r ia ls .
3. The c o n c e n tra tio n  o f cadmium in  whole b lood  f o r  a 
p o p u la tio n  n o t o c c u p a tio n a lly  exposed to  th e  m eta l was
found to  be betw een 1 and 25 ppb, w ith  a  mean c o n c e n tra tio n  
o f 10 ppb. The r e l a t iv e  s ta n d a rd  d e v ia tio n  o f  th e  m easure­
ment o f th e  cadmium c o n c e n tra tio n  o f th e  sample was 
approx im ate ly  60%.
4. The average cadmium c o n c e n tra tio n  in  th e  b lood  of 
smokers was found to  be 11.5 ppb. This was h ig h e r  than  
th e  average c o n c e n tra tio n  found fo r  nonsmokers (9 ppb C d).
CHAPTER 2
THE DIRECT DETERMINATION OF CADMIUM IN URINE
A. INTRODUCTION
Much o f th e  concern  over th e  t o x ic i ty  o f cadmium has 
stemmed from th e  f a c t  th a t  i t  i s  a cummulative to x in .
Cadmium i s  known to  d e p o s it  in  th e  body, p a r t i c u la r ly  in  
the  l i v e r  and k id n e y s , and i s  e x c re te d  on ly  very  s lo w ly . 2 0  
Since u r in e  was known to  be e x c re te d  th rough  th e  k id n ey s, 
i n t e r e s t  had been aroused  in  th e  p o s s ib le  im portance o f 
u r in a ry  cadmium l e v e l s .  Any study  o f cadmium in  u r in e ,  
however, re q u ire d  a method o f  a n a ly s is  th a t  was ac c u ra te  
and r e l i a b l e .  The f i l t e r  paper d isk  te c h n iq u e , developed 
fo r  th e  d i r e c t  a n a ly s is  o f  whole b lo o d , was found to  be 
e a s i ly  a p p lic a b le  to  a s tu d y  o f cadmium c o n c e n tra tio n s  
in  u r in e .
U rine i s  an e a s i ly  o b ta in a b le  sample and would be 
conven ien t fo r  ro u tin e  a n a ly s is  in  in d u s try .  There has 
been a  con tinuous demand fo r  a n a ly t i c a l  methods s u i ta b le  
fo r  ro u tin e  m o n ito rin g  o f w orkers exposed to  chem ical 
to x in s .  A sim ple and r e l i a b l e  method fo r  m e ta ls  a n a ly s is  
in  u r in e  could  expand the  use o f t h i s  p a r t i c u l a r  sample 
in  i n d u s t r i a l  to x ic o lo g y .
1. R e la tio n sh ip  Between U rine Cadmium L ev e ls  and Body Burden
a . Animal S tu d ie s
Much d eb ate  has c e n te re d  on th e  r e la t io n s h ip
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between th e  cadmium c o n c e n tra tio n  in  th e  u r in e  and th e  
in d iv id u a l  body burden o r  exposure le v e l .  Animal s tu d ie s  
have shown th a t  an im als re c e iv in g  a  s in g le  o r a l  dose of 
cadmium e x c re te d  0 . 6 - 1 . 2 % o f  th e  cadmium d u rin g  th e  f i r s t  
few d ay s . 5 1  C hronic subcutaneous exposure in  an im als 
caused an in c re a se  in  u r in a ry  cadmium a f t e r  s e v e ra l  m onths, 
c o in c id in g  w ith  re n a l  d y sfu n c tio n  and p r o te in u re a . 5 1  
These s tu d ie s ,  how ever, d id  n o t prove th a t  u r in a ry  cadmium 
le v e ls  could  be d i r e c t ly  r e la te d  to  an i n d iv id u a l 's  
exposure to  th e  m e ta l o r  to  the  body burden . O ther s tu d ie s  
in  f a c t ,  have in d ic a te d  th a t  a c tu a l  cadmium accum ulation  
in  th e  k idneys v a r ie s  w ith  age, w ith  younger anim als 
showing low er accu m u la tio n . 1 0 7
b . Human S tu d ie s
R esearch ers  have re p o rte d  th a t  th e  average 
c o n c e n tra tio n  o f cadmium in  th e  u r in e  o f  human s u b je c ts  
appears  to  be h ig h e r  in  an "exposed" group th an  in  a 
group co n sid e red  to  be "nonexposed . " 1 0 8  These s tu d ie s  
in d ic a te d  th a t  u r in a ry  cadmium c o n c e n tra tio n s  cou ld  be 
used as an in d ic a to r  o f ex p o su re , on a group b a s i s ,  under 
c o n d itio n s  o f  lo n g -te rm , lo w -le v e l ex p o su re . At th e  same 
tim e, i t  was found to  be d i f f i c u l t  to  r e l a t e  u r in a ry  
cadmium to  exposure on an in d iv id u a l  b a s i s . 1 0 8  S tu d ie s  
showed a wide s c a t t e r  among in d iv id u a l  c o n c e n tra tio n s  o f 
cadmium in  th e  u r in e .  The average c o n c e n tra tio n  in c re a se d  
w ith  age and was h ig h e r  among smokers than  among nonsmokers
The d a i ly  t o t a l  cadmium e x c re t io n  a lso  in c re a se d  w ith  age 
and among sm o k ers .10^
An in te r e s t in g  s tu d y  o f u r in e  and b lood cadmium con­
c e n tr a t io n s  under c o n d itio n s  o f  i n d u s t r i a l  exposure has 
been re p o r te d  by Lauw erys, ejt _al. 1 1 0  » 1 1 1  These re se a rc h e rs  
s tu d ie d  th e  cadmium c o n c e n tra tio n s  in  th e  u r in e  and b lood 
of w orkers in  a  f a c to ry  p roducing  cadmium s a l t s .  The 
a u th o rs  re p o r te d  s c a t t e r  among in d iv id u a l  u r in e  cadmium 
le v e l s ,  a lth o u g h  th e  average u r in a ry  c o n c e n tra tio n  among 
s u b je c ts  exposed fo r  g r e a te r  than  250 days was w ith in  th e  
same range . A m o n ito rin g  o f  newly exposed in d iv id u a ls  
w ith  tim e showed th re e  phases o f u r in a ry  cadmium le v e l s .
At th e  o n se t o f  ex p o su re , cadmium in  th e  u r in e  in c re a se d  
r a p id ly  to  a le v e l  o f  ap p rox im ate ly  15 pg Cd/g c r e a t in in e .  
(C re a tin in e  was used as a type o f i n t e r n a l  s ta n d a rd  to  
c o r re c t  f o r  v a r i a t io n  in  th e  f lu id  co n te n t o f the  sam ples . ) 1 
From 15 to  120 days o f  ex p o su re , the cadmium le v e l  in  
u r in e  in c re a se d  s lo w ly ; p a s t  t h i s  p e r io d  o f tim e th e re  was 
a more ra p id  in c re a s e  in  cadmium c o n c e n tra tio n  which seemed 
to  be in f lu e n c e d  by re c e n t e x p o su re . 1 1 0  I t  was proposed 
th a t  th e  f i r s t  two phases re p re s e n te d  an in c re a s e  in  
cadmium body burden and induced  d e to x i f ic a t io n  m echanisms, 
such as  p ro d u c tio n  o f  m e ta l lo th io n e in ,  a cadm ium -binding 
p r o te in .  The t h i r d  s ta g e  was e x p la in e d  as  th e  phase 
where th e  b o d y 's  b in d in g  s i t e s  were s a tu r a te d  and the 
cadmium le v e l  in  th e  u r in e  was more r e p re s e n ta t iv e  o f
re c e n t ex p o su re . Thus, th e se  re se a rc h e rs  proposed th a t  
u r in a ry  cadmium may in d ic a te  an e q u ilib r iu m  w ith  th e  body 
burden when exposure i s  low and c u r re n t exposure when 
exposure i s  h ig h . 1 1 0 ’ 1 1 1
2 . A n a ly tic a l  Problem s in  th e  D eterm ination  o f Cadmium 
in  Urine
U rine was a very  complex sam ple. I t  was known to  
c o n s is t  o f  a wide v a r ie ty  o f in o rg a n ic  s a l t s  in  v a ry in g  
c o n c e n tra tio n s . Some o f  th e  io n s  p re se n t in c lu d e  sodium, 
p o tass iu m , magnesium, ca lc ium , ammonium, c h lo r id e  
b ic a rb o n a te ,  p h o sp h a te , and s u l f a t e . 6 3  A gain, sodium and 
p o tass iu m  a re  th e  predom inant c a tio n s  and c h lo r id e  i s  th e  
most abundant an io n . U rine a lso  co n ta in s  s ig n i f ic a n t  
amounts o f o rg a n ic  compounds such as u re a , u r ic  a c id ,  and 
c r e a t in in e .  The c o n c e n tra tio n s  o f each o f th e se  components 
may change depending on th e  in d iv id u a l  and on f lu id  
in ta k e .  A l i s t  o f th e  approxim ate amounts o f  th e  m ajor 
components o f a norm al 24-hour u r in e  sample can be found 
in  Table 5.
U rine a n a ly s is  p re se n te d  many o f th e  same problem s as 
w ere en co u n te red  w ith  whole b lo o d . A lthough u r in e  co n ta in ed  
l e s s  o rg a n ic  m a te r ia l  than  b lo o d , the  h igh  s a l t  co n ten t 
caused  s e r io u s  background e f f e c t s  i f  th e  m a tr ix  was n o t 
com ple te ly  decomposed. Sodium c h lo r id e  in  p a r t i c u l a r  had 
been shown to  i n t e r f e r e  w ith  cadmium a n a ly s is  by flame 
atom ic a b so rp tio n  sp e c tro sc o p y  when p re se n t in  co n c en tra -
Table 5
APPROXIMATE COMPOSITION OF 24-HOUR URINE 
IN A NORMAL ADULT6 3
C o n s titu e n t
Sodium
P otassium
Calcium
Magnesium
Ammonia
C h lo ride
B icarb o n ate
Phosphate
S u lfa te
Urea
C re a tin in e
Normal pH = 5 .5 -6 .5
Normal volume o f  24-hour u r in e
Normal Amount 
2-4  g 
1 .5 -2 .0  g 
0 . 1 - 0 .3  g
0 . 1 - 0 . 2  g
0 .4 -1 .0  g N
100-250 meq 
0-50 meq
0. 7 -1 .6  g P
0 .6 - 1 . 8  g S
6-18 g N
0 .3 -0 .8  g N
600-2500 m l/day
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t io n s  g r e a te r  than  0 .0 1  M. 1 1 2  The h igh  c o n c e n tra tio n  o f 
NaCl as w e ll as o th e r  in o rg a n ic  s a l t s  in  u r in e  sam ples 
caused n o n s p e c if ic  a b so rp tio n  f o r  which c o r re c t io n  was 
re q u ire d . 1 1 3 » 1 1 4
3. Common Methods f o r  th e  D eterm ination  o f Cadmium in  
Urine
The most common method used f o r  th e  d e te rm in a tio n  
o f cadmium in  u r in e  sam ples i s  atom ic a b so rp tio n  s p e c tro ­
scopy. Some re s e a rc h e rs  have used flam e atom ic a b s o rp tio n , 
e i t h e r  a f t e r  d i l u t i o n 1 1 2  o r  a f t e r  a sh in g  and e x tr a c t io n  
p ro c e d u re s . 8 0  G rap h ite  fu rn ace  atom ic a b so rp tio n  i s  
th e  more w idely  used te ch n iq u e , however. S ev era l o f  th e  
re p o r te d  methods in v o lv e  p rev io u s  w e t-a sh in g  s te p s  u sin g  
c o n c e n tra te d  HNO3 . The dry re s id u e  i s  then  d is so lv e d  in  
HNO3 and e i t h e r  analyzed  d i r e c t l y 8 9  o r  fo llo w in g  e x tra c ­
t io n  w ith  am m onium -1-pyrrolidine d ith io ca rb a m a te  (APDC) 
in to  m e th y liso b u ty l k e tone  (MIBK) . 1 0 9  O ther methods 
in v o lv e  only c h e la t io n  ( ty p ic a l ly  u s in g  APDC o r  sodium 
d ie th y ld ith io c a rb a m a te )  and e x t r a c t io n  p r io r  to  a n a ly s is  
u s in g  th e  g ra p h ite  fu rn a c e . 8 4 , 9 2 » 1 1 5  Some re s e a rc h e rs  
sim ply d i lu te d  th e  sam ple b e fo re  a n a ly s is ,  u s in g  d e io n ized  
w a te r 7 8 * 8 8  o r  HNO3 , 1 1 6  in  o rd e r  to  reduce the  background 
a b s o rp tio n . A ll o f th e se  p ro ced u res  c a r r ie d  w ith  them the  
r i s k  o f  con tam in a tio n  o f th e  sample from added re a g e n ts .
Ross and G onzales , 9 0  and Carmack and Evenson1 1 7  
re p o rte d  a d i r e c t  d e te rm in a tio n  o f cadmium in  u r in e  u s in g
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a g ra p h ite  fu rn ace  w ith  a th re e - s te p  a to m iza tio n  program . 
The methods d e sc rib e d  r e l i e d  on au to m atic  background co r­
r e c t io n  u sin g  a deu terium  lamp to  s u b tr a c t  m o lecu lar 
a b s o rp tio n . The m o lecu la r a b s o rp tio n , how ever, was o f te n  
a m ajor p o r tio n  o f th e  t o t a l  s ig n a l .  A sm a ll e r r o r  in  th e  
measurement o f  background a b so rp tio n  th u s  would cause a 
s ig n i f i c a n t  e r r o r  in  th e  measurement o f a b so rp tio n  due to  
cadmium. For exam ple, i f  a 90% t o t a l  a b so rp tio n  s ig n a l  
was rec o rd e d , 80% o f  which was background, a 2 % e r r o r  in  
the  background measurement would r e s u l t  in  a 2 0 % e r r o r  
in  th e  p e rc e n t a b so rp tio n  a t t r i b u t e d  to  cadmium.
The tem p era tu re s  re p o rte d  f o r  th e  th re e  s ta g e s  o f 
programmed a to m iz a tio n  u s in g  a g ra p h ite  fu rn ace  d if f e r e d  
c o n s id e rab ly  between p u b lish e d  p ro ced u res . The d ry ing  
s ta g e  was ty p ic a l ly  c a r r ie d  ou t a t  125°-150°C fo r  30 to  
60 seconds. Ashing te m p e ra tu re s , how ever, v a r ie d  between 
300°C89 and 450°C .90 As has been p re v io u s ly  s ta te d ,  
s ig n i f i c a n t  lo s s e s  o f cadmium can occu r a t  th e se  tem pera­
t u r e s . 1 1 2  V es te rb e rg  and Wrangskogh re p o r te d  i r r e g u la r  
lo s s  o f  cadmium a t  te m p e ra tu re s  over 400°C; th ey  su g g ested  
an ash in g  tem p era tu re  o f 350°C fo r  th e  b e s t  s e n s i t i v i t y  
and l e a s t  background . 1 1 6
A tom ization  te m p e ra tu re s , a l s o ,  v a r ie d  c o n s id e ra b ly  
between re p o r te d  m ethods, w ith  some program s c a l l in g  fo r  
a to m iza tio n  a t  900°C117 o r 1300°C90 and o th e rs  su g g es tin g  
1950°C89 o r  even 2150°C .86 I t  has been s ta te d  th a t  the
most e f f i c i e n t  a to m iz a tio n  tem p era tu re  depends on th e  
in d iv id u a l  sample m a tr ix , w ith  d i f f e r in g  s a l t  c o n te n ts  
c o n tr ib u tin g  to  th e  m a tr ix  e f f e c t . 1 1 6  I t  should  be s ta te d  
th a t  background c o r re c t io n  i s  e s s e n t i a l  when an a ly z in g  
u r in e  by th e se  methods and th a t  c a l ib r a t io n  must be c a r r ie d  
out u s in g  s ta n d a rd  a d d i t io n s .
Some no v el methods o f p re c o n c e n tra tio n  o f th e  cadmium 
in  u r in e  sam ples p r io r  to  a n a ly s is  u s in g  atom ic absorp­
t io n  have been re p o r te d  in  th e  l i t e r a t u r e .  D ip iv a lo y l-  
methane has been used as a c h e la t in g  a g e n t . 1 1 8  Lund and 
Larsen  used e le c tro d e p o s i t io n  onto  a p la tin u m  w ire  to  
c o n c e n tra te  cadmium from u r in e .  The w ire  c o n ta in in g  
d e p o s ited  cadmium was then  p laced  w ith in  th e  l ig h t  p a th  
o f the  atom ic a b so rp tio n  sp ec tro p h o to m e te r and th e  cadmium 
s ig n a l  was reco rded  w h ile  v o lta g e  was a p p lie d  through the  
f i la m e n t . 1 0 8  This method in h e re n t ly  m easures only 
unbound cadmium. The r e s u l t s  re p o r te d  by th e se  w orkers 
were q u e s tio n a b le  due to  th e  f a c t  th a t  they  added EDTA to  
each sample upon c o l le c t io n  to  p rev en t p la t in g  ou t o f  th e  
m eta l onto  th e  w a lls  of th e  c o n ta in e r .  Even though th e  
sam ples were a c id i f ie d  to  pH 2 b e fo re  e le c t r o d e p o s i t io n  
was c a r r ie d  o u t,  i t  seemed l ik e ly  th a t  some c h e la te d  
cadmium would n o t be d e te c te d .
P re c o n c e n tra tio n  o f heavy m e ta ls  from u r in e  u s in g  a 
p o ly (d ith io c a rb a m a te )  r e s in  has been d e sc rib e d  by Barnes 
and Genna. 1 1 9  A 250-ml volume o f u r in e  was p assed
th rough  th e  r e s in ;  recovery  from th e  r e s in  was accom plished 
by t o t a l  d ig e s t io n  w ith  n i t r i c  and s u l f u r i c  a c id s .  F in a l ly ,  
a n a ly s is  was c a r r ie d  out u s in g  in d u c tiv e ly -c o u p le d  plasm a 
em iss io n . There were obv io u sly  many so u rces  o f e r r o r  in  
t h i s  p ro ced u re . C ontam ination could occu r b o th  from th e  
r e s in  and from th e  a c id s  added fo r  d ig e s t io n .  E x ten siv e  
sample tre a tm e n t p r io r  to  a n a ly s is  made t h i s  tech n iq u e  
in c o n v en ien t and o f q u e s tio n a b le  accu racy .
Urine a lso  has been analyzed  u s in g  atom ic f lu o re sc e n c e  
sp ec tro m e try  by M ichel, e£  a l . 1 0 2  The p rim ary  d i f f i c u l t y  
in  t h i s  tech n iq u e  was a h igh  le v e l  o f  s c a t t e r .
F in a l ly ,  an i n d i r e c t  method o f id e n t i fy in g  cadmium 
p o iso n in g  made use o f p o lyacry lam ide  g e l  e le c t r o p h o re s is .
In  t h i s  te c h n iq u e , s e p a ra t io n  o f th e  p ro te in s  e x c re te d  
in  th e  u r in e  by i s o e l e c t r i c  fo cu sin g  showed d i s t i n c t iv e  
p a t t e r n s ;  e le v a te d  l e v e ls  o f a s p e c i f ic  p ro te in  c a l le d  
B-2 -m ic ro g lo b u lin  in d ic a te d  cadmium p o iso n in g . 1 2 0  
A lthough the  tech n iq u e  was v ery  s e le c t iv e ,  i t  p ro v id ed  
on ly  an in d ic a t io n  o f  h ig h  cadmium exposure  and d id  n o t 
m easure th e  c o n c e n tra tio n  o f  th e  m e ta l i t s e l f .  I t  was 
p o s s ib le  th a t  chem icals o th e r  th an  cadmium cou ld  cause 
in c re a se d  l e v e l s  o f  3 - 2 -m ic ro g lo b u lin  in  th e  u r in e .
4 . Need For An Improved A n a ly t ic a l  P rocedure
I t  can be seen th a t  a l l  th e  re p o r te d  methods 
fo r  the  d e te rm in a tio n  o f cadmium in  u r in e  have s ig n i f i c a n t  
d isa d v a n ta g e s . The method developed fo r  th e  d i r e c t
a n a ly s is  o f  whole b lood  u s in g  the  q u a r tz  "T11 a to m izer 
could  be a p p lie d  e a s i ly  and e f f e c t iv e ly  to  the  d i r e c t  
a n a ly s is  o f  u r in e  sam ples. T his tech n iq u e  e lim in a te d  
b o th  p o s i t iv e  e r r o r s  due to  re a g e n ts  and o th e r  contam ina­
t io n  d u rin g  sample h a n d lin g , and n e g a tiv e  e r r o r s  in h e re n t 
in  d ry -a sh in g  and e x t r a c t io n  p ro ce d u re s . By u s in g  the  
f i l t e r  p ap er d isk  te c h n iq u e , u r in e  sam ples cou ld  be 
an a ly zed  d i r e c t ly  and a c c u ra te ly .
This c h a p te r  d e s c r ib e s  th e  a p p l ic a t io n  o f th e  f i l t e r  
p ap er d isk  tech n iq u e  to  u r in e  sam ples. In c lu d ed  a re  
d a ta  o b ta in e d  f o r  th e  c o n c e n tra tio n  o f cadmium in  th e  
u r in e  o f  a group o f  in d iv id u a ls  who were n o t o c c u p a tio n a lly  
exposed to  th e  m e ta l.
EXPERIMENTAL
1. Equipment
The equipm ent used in  th e  a n a ly s is  o f  u r in e  
sam ples was i d e n t i c a l  to  th a t  p re v io u s ly  d e sc rib e d  fo r  
th e  d e te rm in a tio n  o f cadmium in  whole b lo o d . The components 
o f th e  atom ic a b s o rp tio n  sp ec tro p h o to m ete r were unchanged; 
sy r in g e s  and o th e r  ap p a ra tu s  were th e  same as th o se  p re ­
v io u s ly  em ployed.
2 . P rocedure
a. Sampling Techniques
Spot u r in e  sam ples were c o l le c te d  a t  random 
tim es from in d iv id u a ls  who were n o t o c c u p a tio n a lly  exposed
1 0 2
to  cadmium. A ll s u b je c ts  sampled were members o f  th e  
u n iv e r s i ty  p o p u la tio n  in  Baton Rouge. Specimens were 
c o l le c te d  in  p o ly e th y len e  v i a l s  which were p re v io u s ly  
c lean ed  in  HNO3 and r in s e d  w ith  m u ltip le  p o r tio n s  o f 
d i s t i l l e d  d e io n ized  w a te r . A ll sam ples were analyzed  
w ith in  fo u r  h o u rs  o f c o l le c t io n .  The average volume of 
u r in e  c o l le c te d  was 5 ml.
U rine sam ples were in tro d u ce d  in to  th e  a tom izer in  
th e  same manner as was d e sc rib e d  fo r  whole b lood sam ples. 
One m ic r o l i t e r  o f  u r in e  was p lac ed  on a f i l t e r  paper 
d isk  u s in g  a H am ilton m ic r o l i t e r  s y r in g e . The d isk  
c o n ta in in g  th e  sample was then  dropped d i r e c t ly  onto 
th e  s u rfa c e  o f th e  carbon bed , which was h ea te d  to  ap p ro x i­
m ately  1500°C. At t h i s  tim e , decom position  and atom iza­
t io n  o c c u rre d .
A bso rp tion  m easurem ents were made a t  th e  cadmium
O
resonance l in e  o f  2288A, w h ile  background absorbance was 
m onito red  u s in g  a n o n -ab so rb in g  cadmium l in e  o c c u rr in g
O
a t  2266A. The cadmium absorbance o f b lan k  f i l t e r  paper 
d isk s  was a ls o  reco rd ed  so th a t  the  absorbance due to  
b o th  th e  b lan k  and to  m o lecu la r background cou ld  be 
s u b tra c te d  from th e  t o t a l  sample absorbance a t  th e  
resonance l i n e .  The rem ain ing  absorbance va lue  was 
d i r e c t ly  p r o p o r t io n a l  to  th e  c o n c e n tra tio n  of cadmium in  
th e  sam ple.
F i l t e r  pap er d isk s  were cu t from Whatman //41 f i l t e r  
paper and c leaned  in  10% HNO3 as  has been p re v io u s ly  
d e sc rib e d .
b . C a lib ra t io n  P rocedures
C a lib ra t io n  was f i r s t  a ttem p ted  u sin g  aqueous 
cadmium s ta n d a rd s . These s ta n d a rd s  were in tro d u ce d  in to  
the  a to m izer in  th e  same manner as  were th e  u r in e  
sam ples; th a t  i s ,  by p la c in g  1  y l  onto a f i l t e r  paper 
d isk . However, s tu d ie s  soon showed th a t  th e  c a l ib r a t io n  
curves o b ta in ed  u s in g  aqueous s ta n d a rd s  and th o se  
o b ta in ed  u s in g  th e  s ta n d a rd  a d d it io n  method o f c a l ib r a t io n  
d i f f e r e d  in  s lo p e , in d ic a t in g  a  m a trix  e f f e c t .  This 
e f f e c t  i s  i l l u s t r a t e d  in  F igu re  14. Due to  th e  m a trix  
e f f e c t ,  c a l ib r a t io n  was c a r r ie d  out th e r e a f t e r  u s in g  
the method o f s ta n d a rd  a d d it io n s  e x c lu s iv e ly .
In  p re p a rin g  s ta n d a rd  a d d it io n  s ta n d a rd s , m ic r o l i t e r  
amounts o f a 1 0  ppm o r 2 0  ppm aqueous cadmium s ta n d a rd
w ere added to  a 0 .5  ml a l iq u o t  o f  u r in e .  I t  was found
th a t  th e  a d d it io n  o f 1 , 3, and 5 y l a l iq u o ts  o f  a 10 ppm 
cadmium s ta n d a rd  p ro v id ed  th e  b e s t  c a l ib r a t io n  curve 
fo r  most sam ples. Those sam ples which co n ta in ed  a h ig h e r  
( g r e a te r  than  2 0  ppb) cadmium c o n c e n tra tio n  were more 
a c c u ra te ly  analyzed  by a d d it io n s  o f a 2 0  ppm cadmium
s ta n d a rd . A ttem pt was made to  c a rry  ou t th e  c a l ib r a t io n
such th a t  a d d i t io n s  o f  cadmium were ap p rox im ate ly  eq u a l 
to  th e  amount a lre a d y  p re s e n t  in  th e  sam ple; i t  was known
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This f ig u re  shows th e  d i f f e r e n t  s lo p es  o b ta in ed  fo r  c a l ib r a t io n  curves 
c o n s tru c te d  u s in g  aqueous s ta n d a rd s  ( ® ) ,  and s ta n d a rd  a d d it io n s  to  a u r in e  
sample ( A ) .
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th a t  t h i s  techn ique  p rov ided  th e  most r e l i a b le  c a l ib r a ­
t io n  d a ta . 1 2 1
A pproxim ately one out o f  fo u r  u r in e  sam ples was 
analyzed  by c o n s tru c t in g  a com plete s ta n d a rd  a d d it io n  
c a l ib r a t io n  curve . The cadmium c o n c e n tra tio n  o f  th e  
rem aining sam ples was determ ined  by a n a ly s is  o f th e  
o r ig in a l  sample and an a l iq u o t  c o n ta in in g  a s in g le  
s ta n d a rd  a d d i t io n .  The f u l l  c a l ib r a t io n  curves c o n s tru c te d  
w ith  a t  l e a s t  one sample p e r  day were c o n s is te n t ly  l i n e a r .  
T h e re fo re , i t  was f e l t  th a t  th o se  cu rves c o n s tru c te d  
u s in g  on ly  th e  o r ig in a l  sample and one sp iked  a l iq u o t  
were a lso  s a t i s f a c to r y .
RESULTS
1. C o n cen tra tio n  Range fo r  Cadmium in  th e  U rine o f 
Unexposed In d iv id u a ls
Spot u r in e  sam ples were analyzed  from a number o f 
in d iv id u a ls  who were n o t o c c u p a tio n a lly  exposed to  
cadmium u s in g  th e  f i l t e r  p ap er d isk  te ch n iq u e . Most of 
th e se  in d iv id u a ls  were male LSU fa c u l ty  members. The 
r e s u l t s  o f the  a n a ly se s  a re  com piled in  Table 6 . For 
32 s u b je c ts ,  th e  mean v a lu e  fo r  th e  c o n c e n tra tio n  of 
cadmium in  th e  u r in e  was 2 0  ppb; th e  v a lu e s  ranged from 
0 (n o n -d e te c ta b le )  to  67 ppb cadmium. F igu re  15 
i l l u s t r a t e s  th e  d i s t r i b u t io n  o f th e  cadmium c o n c e n tra tio n s  
found in  u r in e .  For th e  pu rposes o f c o n s tru c t in g  th i s
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Table 6
VALUES FOR CONCENTRATION OF CADMIUM FOUND IN THE URINE 
OF UNEXPOSED INDIVIDUALS
S u b jec t Cone. Cd (ppb)
A 23
B 24
C 16
D 13
E 15
F 27
1 28
2 N.D.
3 4
4 24
5 7
6 6 6 *
7 2 0
8 19
9 1 2
1 0 18
1 1 i n s u f f i c i e n t  samp
S u b jec t Cone. Cd (ppb)
1 2  i n s u f f i c i e n t  sample
13 67*
14 N.D.
15 18
16 1 0
17 28
18 1 1
19 12
20 19
21 25
2 2  26
23 32
24 9
25 27
26 17
27 2 2
28 18
n = 32 
mean = 2 0  ppb 
range = 0-67 ppb
* D isca rd in g  two h ig h  v a lu e s ,  mean = 17 ppb.
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FIGURE 15
T his f ig u re  shows th e  d i s t r i b u t io n  o f the  cadmium c o n c e n tra tio n s  found in  th e  u r in e  o f 
in d iv id u a ls  no t o c c u p a tio n a lly  exposed to  cadmium.
8
6
CONCENTRATION OF Cd (ppb)
108
f ig u r e ,  th e  v a lu e s  l i s t e d  in  Table 6  were rounded to  
th e  n e a r e s t  5 ppb. I t  can be seen from F igu re  15 th a t  
th e  g re a t  m a jo r ity  o f  th e  u r in e  sam ples analyzed  co n ta in ed  
betw een 0 and 30 ppb cadmium. I f  th e  two abnorm ally  
h ig h  v a lu e s  were d isc a rd e d  (S u b jec t 6  and S u b jec t 13, 
whose u r in e  c o n ta in ed  6 6  and 67 ppb Cd, r e s p e c t iv e ly ) ,  
th e  mean u r in a ry  cadmium c o n c e n tra tio n  fo r  th e  p o p u la tio n  
sampled became 17 ppb.
2. V a r ia tio n s  in  th e  Cadmium C o n ce n tra tio n  in  th e  U rine 
o f An In d iv id u a l
I t  was found th a t  th e  c o n c e n tra tio n  o f  cadmium 
in  th e  u r in e  o f an in d iv id u a l  v a r ie d  on a d ay -to -d ay  
b a s i s .  The u r in e  o f two s u b je c ts  was an a ly zed  r e g u la r ly  
fo r  a p e r io d  o f app ro x im ate ly  two months in  o rd e r  to  s tudy  
t h i s  in d iv id u a l  v a r i a b i l i t y .  The d a ta  accum ulated a re  
p re se n te d  in  Table 7. The d i s t r i b u t io n  o f th e se  v a lu e s  
fo r  th e  c o n c e n tra tio n  o f cadmium in  u r in e  i s  i l l u s t r a t e d  
in  F igu re  16. I t  can be seen t h a t ,  a s id e  from two 
abnorm ally  h igh  v a lu e s ,  th e  u r in a ry  cadmium c o n c e n tra tio n s  
f o r  th e se  in d iv id u a ls  were randomly d i s t r ib u te d  about a 
mean v a lu e  o f ap p ro x im ate ly  20 ppb cadmium. D isca rd in g  
the two h igh  v a lu e s , th e  average u r in a ry  c o n c e n tra tio n  
(mean + o) was found to  be 20 + 7 ppb Cd f o r  S u b jec t A 
and 2 2 + 9  ppb fo r  S u b jec t B.
The " s ta n d a rd  d e v ia tio n s "  c a lc u la te d  above a re  n o t 
an in d ic a t io n  o f  p r e c is io n .  I t  must be em phasized th a t
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Table 7
DAILY VARIATIONS IN THE CONCENTRATION OF CADMIUM IN THE 
URINE OF TWO INDIVIDUALS
Cone. Cd (ppb)
Date S u b jec t A S u b jec t B
03-10-80 30 no sample c o l le c te d
03-14-80 18 16
03-17-80 2 2 2 0
03-19-80 24 2 2
03-24-80 28 40
03-26-80 25 16
03-28-80 5 17
03-31-80 13 no sample c o l le c te d
04-16-80 18 35
04-18-80 62* 31
04-21-80 27 53*
04-23-80 2 0 14
04-28-80 15 15
04-30-80 15 14
n = 14 
mean = 2 3  ppb 
o = 13
n = 1 2  
mean = 24 ppb 
o = 13
range = 5-62 ppb range = 14-53 ppb
* D isca rd in g  one h igh  v a lu e  in  each group:
S u b jec t A S u b jec t B
mean = 2 0  ppb mean = 2 2  ppb
o = 7  o = 9
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FIGURE 16
This f ig u re  shows th e  d i s t r i b u t io n  o f th e  cadmium c o n c e n tra tio n s  found in  th e  u r in e  o f  two 
in d iv id u a ls .  Samples w ere c o l le c te d  r e g u la r ly  over a 2-month p e r io d .
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each sample analyzed  and re p o rte d  In  Table 7 was un ique . 
The v a r ia t io n s  in  cadmium c o n c e n tra tio n  between th e se  
sam ples were n o t due to  random e r r o r  b u t r a th e r  to  r e a l  
d if f e re n c e s  betw een specim ens. The " s ta n d a rd  d e v ia tio n "  
has been c a lc u la te d  above on ly  a s  an in d ic a t io n  o f  th e  
amount o f v a r ia t io n  in  u r in a ry  cadmium c o n c e n tra tio n s  
fo r  each in d iv id u a l  on a d ay -to -d ay  b a s is .  T his value  
sim ply se rv es  as  a  n u m erica l in d ic a to r  o f th e  d i s t r i b u t io n  
o f th e  v a lu e s  f o r  cadmium c o n c e n tra tio n  w ith in  th e  
observed  range .
3. P re c is io n  o f  th e  A n a ly tic a l  Method
A m easure o f th e  p r e c is io n  o f th e  f i l t e r  p ap er 
d isk  tech n iq u e  in  th e  a n a ly s is  o f  u r in e  was o b ta in ed  
by r e p e t i t i v e  a n a ly s is  o f a s in g le  u r in e  sam ple. The 
d a ta  c o l le c te d  a re  p re se n te d  in  Table 8. At a l e v e l  o f 
15 ppb Cd in  th e  sam ple, th e  r e l a t iv e  s ta n d a rd  d e v ia tio n  
o f th e  t o t a l  absorbance s ig n a l  was 9.5% (n = 2 2 ). The 
average t o t a l  s ig n a l  reco rd ed  f o r  t h i s  sample was 
app rox im ate ly  21% a b s o rp tio n . The r e l a t i v e  s ta n d a rd  
d e v ia tio n  of th e  absorbance due on ly  to  cadmium was 
app rox im ate ly  28%, which corresponds to  an e r r o r  o f 
app rox im ate ly  + 4 ppb Cd.
Table 8
VALUES OBTAINED FOR REPEATED ANALYSIS OF A 
SINGLE URINE SAMPLE
T o ta l  T o ta l
A liq u o t % A bsorp tion  A liq u o t % A bsorption
1  24 1 2  18
2 18 13 24
3 19 14 15.5
4 20 15 21.5
5 23.5 16 21
6  20.5 17 20
7 20.5 18 21.5
8  20 19 21
9 19.5 20 23
10 22 21 22.5
11 20.5 22 25
Average T o ta l  % A bsorp tion  = 2 0 .9 ;  o = 2 .2
Average T o ta l  Absorbance = 0 .102 ; a = 0.0097
R e la t iv e  s ta n d a rd  d e v ia t io n  o f t o t a l  absorbance = 9.5%
Absorbance due to  Cd a lone  = 0.034
R e la t iv e  s ta n d a rd  d e v ia t io n  o f  Cd absorbance 28%
DISCUSSION
1. General C o n s id e ra tio n s  Concerning the  D eterm ination  
o f  Cadmium in  Urine
a. Advantages o f  th e  Method
The use of the  d e sc r ib e d  tech n iq u e  f o r  the  
d i r e c t  a n a ly s is  o f  u r in e  e l im in a te d  many o f  th e  e r r o r s  
in h e re n t  in  co n v en tio n a l  methods. Both p o s i t i v e  e r r o r s  
due to  con tam ination  and n e g a t iv e  e r r o r s  due to  ash ing  
p rocedures  were avoided  because no sample p re tre a tm e n t  
o r  p re c o n c e n t ra t io n  was n e c e s sa ry .
A major d i f f i c u l t y  encoun te red  in  th e  a n a ly s is  o f 
u r in e  samples was t h a t  o f background o r m o lecu la r  absorp­
t i o n .  S ev e ra l  r e s e a rc h e r s  have r e p o r te d  t h a t  in o rg a n ic  
s a l t s  such as NaCl and KC1 s e v e re ly  d ep ressed  cadmium 
a b so rb a n c e . 1 1 3 » 1 1 4 » 1 1 7  Carmack and Evenson1 1 7  r e p o r te d  
t h a t  70-90% of th e  background a b s o rp t io n  from u r in e  was 
due to  NaCl and KC1. The background a b so rp t io n  o f te n  
exceeded t h a t  which could  be accomodated by au tom atic  
background c o r r e c t o r s . 1 1 4
The f i l t e r  p aper  d isk  tech n iq u e  f o r  sample i n t r o ­
d u c tio n  and th e  use o f  th e  q u a r tz  "T" a to m ize r  made 
p o s s ib le  the  d i r e c t  d e te rm in a tio n  o f  cadmium in  u r in e  
by s i g n i f i c a n t l y  red u c in g  background a b s o rp t io n .  For 
th e  u r in e  samples ana lyzed  in  t h i s  r e s e a r c h ,  th e  average 
background absorbance was approx im ate ly  0 .04  absorbance 
u n i t s ,  o r  about 8 % a b s o rp t io n .  Urine a n a ly s i s  was
t h e r e fo r e  p o s s ib le  w ith o u t  p r i o r  d i l u t i o n  o r  ash ing  s te p s .
As was d e sc r ib e d  in  th e  RESULTS s e c t io n ,  the  
r e l a t i v e  p r e c i s io n  o f  the  a n a l y t i c a l  techn ique  was 
approx im ate ly  28% a t  the  15 ppb l e v e l .  This p r e c i s io n  
was co n s id e red  to  be a c c e p ta b le  co n s id e r in g  th e  low 
l e v e l s  o f  cadmium b e in g  determ ined and the  d i f f i c u l t  
m a tr ix  inv o lv ed . The p r e c i s io n  o f  th e  method could  be 
improved by th e  use o f  an au tom atic  background c o r r e c to r ,  
as has been d isc u sse d  in  Chapter 1.
b. M atrix  E f f e c t s
I t  was found t h a t  th e  u r in e  m a tr ix  a f f e c te d  
n o t only  the m o lecu la r  background bu t a lso  th e  e f f i c i e n c y  
o f  a to m iz a tio n  o f th e  cadmium in  th e  sample. This e f f e c t  
was dem onstra ted  by th e  f a c t  t h a t  s ta n d a rd  a d d i t io n  
c a l i b r a t io n  curves e x h ib i te d  a d i f f e r e n t  s lo p e  from th a t  
o f  aqueous cadmium s ta n d a rd s .  A comparison o f th e  two 
ty p es  of c a l i b r a t i o n  curves i s  i l l u s t r a t e d  in  F igure  14.
I t  was a lso  found t h a t  c a l i b r a t i o n  curves g en era ted  by 
s ta n d a rd  a d d i t io n s  to  d i f f e r e n t  u r in e  samples d i f f e r e d  
in  s lo p e .  This e f f e c t  i s  i l l u s t r a t e d  in  F igure 17. The 
d i f f e r e n c e  in  s lo p e  f o r  d i f f e r e n t  u r in e  samples in d ic a te d  
t h a t  th e  m a tr ix  n o t only  in f lu e n c e d  the  e f f i c i e n c y  o f 
a to m iz a t io n ,  b u t t h a t  t h i s  e f f e c t  v a r ie d  between u r in e  
samples. I t  was e v id e n t  t h a t  some c o n s t i tu e n t  o f  th e  
u r in e  caused a chem ical i n t e r f e r e n c e .  This  i n t e r f e r e n c e  
presumably would b in d  to  th e  cadmium p re s e n t  in  o r
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FIGURE 17
This f ig u r e  shows the  d i f f e r e n t  s lo p es  o b ta in ed  fo r  c a l i b r a t i o n  curves 
g en era ted  by s ta n d a rd  a d d i t io n s  to  two d i f f e r e n t  u r in e  samples.
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added to  the  sample, changing i t s  r a t e  o f  a to m iz a t io n .  
The f a c t  t h a t  some samples e x h ib i te d  w idely  d i f f e r e n t  
s lo p e s  f o r  t h e i r  s ta n d a rd  a d d i t io n  curves in d ic a te d  th e  
p resence  o f  d i f f e r e n t  chemical forms o f  cadmium.
I t  would be o f g re a t  i n t e r e s t  to  determ ine i f  the  
cadmium in  th e  u r in e  was in o rg a n ic  or o rg an ic  in  form. 
The s ta n d a rd  a d d i t io n s  made to  u r in e  samples in  t h i s  
work were of aqueous s o lu t io n s  o f  CdSOi*; i t  was d o u b tfu l  
th a t  t h i s  was th e  form o r ig i n a l l y  p r e s e n t  in  th e  u r in e .  
I t  might be ex p ec ted , th e r e f o r e ,  t h a t  th e  o r ig i n a l  
cadmium and th e  added cadmium would be atom ized to  d i f ­
f e r e n t  e x te n t s  upon a n a l y s i s . 7 4  This was a p o s s ib le  
c o n t r ib u t in g  f a c t o r  to  th e  observed m a tr ix  e f f e c t .
I t  was no t p o s s ib le  to  determ ine th e  chem ical form 
o f  cadmium u s in g  the  techn ique  d e sc r ib e d  h e re .  Some 
method o f s e p a ra t io n  of d i f f e r e n t  cadmium compounds 
p r i o r  to  a to m iz a t io n  would be n ec e ssa ry  to  e s t a b l i s h  
i f  th e  form o f  th e  m e ta l  was indeed  d i f f e r e n t  in  
v a r io u s  u r in e  sam ples. P re l im in a ry  work in  th e  area  
o f  m eta l s p e c ia t io n  was pursued  by th e  a u th o r  and w i l l  
be d e sc r ib e d  in  P a r t  I I  o f  t h i s  d i s s e r t a t i o n .  I t  was 
obvious t h a t  f u r t h e r  c h a r a c t e r i z a t io n  o f  th e  chemical 
form of m e ta ls  in  b io lo g i c a l  samples was e s s e n t i a l  fo r  
an u n d ers tan d in g  o f  t h e i r  a b s o rp t io n ,  e x c r e t io n ,  and 
e f f e c t  in  th e  body.
2. C o n cen tra tio n  Range f o r  Cadmium in  th e  Urine o f
Unexposed I n d iv id u a l s
I t  was found th a t  the  average va lue  f o r  th e  
c o n c e n tra t io n  o f  cadmium in  th e  u r in e  o f  th e  s u b je c ts  
sampled was 20 ppb. I t  can be seen (F igu re  15) t h a t  th e  
sample d i s t r i b u t i o n  was skewed toward lower cadmium con­
c e n t r a t io n s  and in c lu d ed  two abnorm ally  h igh  v a lu e s .
A comparison between th e  mean va lue  o b ta in ed  h e re  and 
those  re p o r te d  in  th e  l i t e r a t u r e  i s  p re se n te d  in  Table 9. 
Many of th e  l i t e r a t u r e  v a lu es  f o r  u r in a ry  cadmium were 
co n s id e rab ly  lower th a n  those  o b ta in e d  in  t h i s  r e s e a rc h .  
However, i t  must be cons ide red  t h a t  most o f  th e se  
v a lu es  were o b ta in e d  by co n v en tio n a l  g ra p h i te  fu rnace  
atomic a b so rp t io n  p receeded  by w e t-a sh in g ,  d i l u t i o n ,  o r  
e x t r a c t io n .  These p rocedures  c h a r a c t e r i s t i c a l l y  le a d  to  
e rroneous  r e s u l t s  due to  lo s s  o f some o f th e  cadmium 
in  th e  sample. I t  was b e l ie v e d  t h a t  th e  d a ta  o b ta in ed  
u s in g  th e  q u a r tz  "T" a tom izer  and the  f i l t e r  p ap er  d isk  
techn ique  more a c c u r a te ly  r e f l e c t e d  th e  normal con­
c e n t r a t i o n  o f  cadmium in  th e  u r in e .
No samples were analyzed  from in d iv id u a l s  who were 
known to  be o c c u p a t io n a l ly  exposed to  cadmium o r  i t s  
compounds. S tu d ie s  in c lu d in g  such p o p u la t io n  groups 
would be n e c e s sa ry  to  e s t a b l i s h  w hether u r in e  a n a ly s is  
would be an e f f e c t i v e  sc re e n in g  method f o r  h igh  cadmium 
exposure o r  body bu rden . I t  appeared  from th e se  s tu d ie s
Table 9
COMPARISON OF LITERATURE VALUES FOR CADMIUM IN URINE
Cone. Cd (ppb) Method Reference
20 e le c t r o th e rm a l  AAS in  p re s s
q u a r tz  "T" a tom izer
2 .2  g ra p h i te  fu rn ace  AAS 117
0 .4 - 3 .7  g ra p h i te  fu rn ace  AAS 90
0 .7  1:1  d i l u t i o n ,  122
g ra p h i te  fu rnace  AAS
10 1:10 d i l u t i o n ,  73
q u a r tz  "T" AAS
<3 1 :50  d i l u t i o n ,  8 6
g ra p h i te  fu rnace  AAS
1.7  e x t r a c t i o n ,  115
g ra p h i te  fu rnace  AAS
1.25+0.84 w e t-a sh ,  89
g ra p h i te  fu rn ace  AAS
44 flame AAS 123
3 - 1 2  d i l u t i o n ,  1 1 2
flame AAS
2.04  d ry -a s h ,  80
e x t r a c t i o n ,  flame AAS
0 . 5  a tom ic f lu o re sc e n c e  1 0 2
23.6+3.5  ion-exchange p re c o n c e n t ra t io n ,  119
in d u c t iv e ly -c o u p le d  plasma em iss ion
119
t h a t  the  range o f  cadmium c o n c e n tra t io n s  f o r  non- 
o c c u p a t io n a l ly  exposed in d iv id u a l s  was s u f f i c i e n t l y  
narrow such th a t  d i f f e r e n c e s  fo r  an exposed p o p u la t io n  
may be r e a d i ly  d i s c e r n i b l e .
3. V a r ia t io n s  in  the  Cadmium C o n cen tra tio n  in  the  Urine 
o f  an I n d iv id u a l
The c o n c e n t r a t io n  o f  cadmium in  th e  u r in e  o f 
an in d iv id u a l  was found to  vary  on a d ay -to -d ay  b a s i s .
I t  can be seen from F igure  16 t h a t  th e  amount o f  t h i s  
v a r i a t i o n  was d i f f e r e n t  f o r  th e  two s u b je c ts  s tu d ie d .
Aside from one abnorm ally  h igh  v a lu e  in  each c a se ,  th e  
average u r in a ry  c o n c e n t ra t io n  fo r  Subjec t A was found to  
be 20 + 7 ppb and t h a t  o f  S u b jec t  B to  be 22 + 9 ppb.
This in d ic a te d  an average  d a i ly  v a r i a t i o n  o f 35-40%.
I t  seemed p l a u s i b l e  t h a t  d a i ly  e x c re t io n  of 
cadmium in  th e  u r in e  would v a ry ,  w ith  many f a c to r s  
in f lu e n c in g  t h i s  v a r i a t i o n .  D ie t ,  f l u i d  in ta k e ,  e x e r c i s e ,  
and th e  l e v e l s  o f  many o th e r  compounds in  th e  body were 
thought to  a f f e c t  th e  d a i ly  ba lan ce  o f cadmium. Of 
co u rse ,  f l u i d  in ta k e  would d i r e c t l y  a f f e c t  th e  co n cen tra ­
t i o n  o f  cadmium found in  th e  u r in e  by a l t e r i n g  the  
amount o f  f l u i d  p assed  through  th e  k id n ey s .  One p o s s ib le  
means of acco u n tin g  f o r  v a r i a b l e  f l u i d  c o n ten t  would be 
to  measure th e  s p e c i f i c  g r a v i ty  o f  each  u r in e  sample.
A p o s s ib le  i n t e r n a l  c o r r e c t io n  would be to  de term ine th e  
cadmium c o n c e n t r a t io n  in  r e l a t i o n  to  some o th e r
component in  the  u r in e ,  such as c r e a t i n i n e . 1 1 0
In  view o f  th e  f a c t  t h a t  spo t u r in e  samples were 
ana lyzed  in  t h i s  s tu d y ,  i t  was n o t  s u r p r i s in g  t h a t  
d a i ly  v a r i a t i o n s  were n o ted  f o r  th e  cadmium c o n c e n tra t io n  
Samples were n o t  always c o l l e c t e d  a t  th e  same time of 
th e  day, a l though  most o f te n  t h i s  was done in  th e  a f t e r ­
noon. I t  was p o s s ib le  t h a t  changes in  f a c to r s  such as 
food o r  f l u i d  in g e s te d ,  m e tab o lic  a c t i v i t y ,  o r  e x e rc i s e  
could cause d i f f e r e n c e s  in  cadmium e x c re t io n  a t  d i f f e r e n t  
tim es o f  th e  day.
Some of th e  v a r i a t i o n  t h a t  was observed between 
s e p a ra te  in d iv id u a l s  f o r  u r in a ry  cadmium undoubtedly 
a lso  was due to  d i f f e r e n c e s  in  f l u i d  in ta k e  and e x c re t io n
4. E s tim ated  D aily  E x c re t io n  o f Cadmium Through th e  
Urine
The average d a i ly  e x c re t io n  o f cadmium through 
th e  u r in e  could be e s t im a te d  based  on th e  d a ta  o b ta in ed  
in  th e se  s tu d i e s .  The average c o n c e n tra t io n  o f cadmium 
in  th e  u r in e  o f  th e  in d iv id u a l s  sampled was 20 ppb. I f  
th e  normal volume of u r in e  e x c re te d  in  24 hours  i s  taken  
to  be 1500 m l , 6 3  then  the  average amount o f  cadmium 
e x c re te d  p e r  day would be approx im ate ly  30 yg.
5 . C o r r e la t io n s  Between th e  Cadmium C o n ce n tra t io n  in  th e  
Urine and That in  P e r s p i r a t io n
I t  was o f  i n t e r e s t  to  d isc o v e r  w hether a cor­
r e l a t i o n  e x i s t e d  between th e  c o n c e n tra t io n  o f cadmium in
the  u r in e  and th a t  in  o th e r  e x c re to ry  f l u i d s .  T h e re fo re ,  
s tu d ie s  were undertaken  in  which sweat and u r in e  
specimens were taken  a t  the  same time from a number o f  
s u b je c t s .  These samples were su b seq u en tly  analyzed  and 
compared as to  bo th  cadmium c o n c e n tra t io n  and m a tr ix  
e f f e c t s .
The r e s u l t s  o f  th e se  s tu d ie s  w i l l  be d e sc r ib e d  in  
d e t a i l  in  th e  fo llo w in g  c h a p te r .
CONCLUSIONS AND SUMMARY
1. The use o f  th e  carbon bed a to m ize r  and the  f i l t e r  
paper  d isk  method o f  sample in t ro d u c t io n  was an 
e f f e c t i v e  techn ique  f o r  the  d i r e c t  a n a ly s i s  o f  u r in e  
samples. E f f i c i e n t  re d u c t io n  o f  th e  background 
a b s o rp t io n  e l im in a te d  th e  need f o r  p re v io u s  ash in g  s te p s .
In a d d i t io n ,  the  tech n iq u e  was s u f f i c i e n t l y  s e n s i t i v e
so th a t  1  y l  of u r in e  could be analyzed  w ith o u t p recon­
c e n t r a t i o n .
2. The average u r in a ry  cadmium c o n c e n tra t io n  f o r  
in d iv id u a l s  who were n o t  o c c u p a t io n a l ly  exposed to  th e  
m eta l was found to  be approx im ate ly  20 ppb. The r e l a t i v e  
p r e c i s io n  of th e  measurement o f  th e  cadmium c o n c e n tra t io n  
in  u r in e  by t h i s  method was approx im ate ly  28%.
3. The u r in a ry  cadmium c o n c e n tra t io n  f o r  a g iven  in d iv id u a l  
v a r ie d  on a d ay -to -d ay  b a s i s .  This v a r i a t i o n  was 
approx im ate ly  35-40%.
4. The average d a i ly  e x c re t io n  o f  cadmium through th e  
u r in e  was e s t im a te d  to  be 30 yg.
CHAPTER 3
THE DIRECT DETERMINATION OF CADMIUM IN PERSPIRATION 
INTRODUCTION
E x c re t io n  o f  t r a c e  m e ta ls  in  sweat i s  of p o t e n t i a l  
im portance in  the  b a lan ce  o f  c e r t a i n  e lem ents  in  the 
body. The lo s s  of e s s e n t i a l  t r a c e  e lem ents  can be s ig n i ­
f i c a n t  in  n u t r i t i o n ,  w hile  e x c re t io n  o f  to x ic  m eta ls  i s  a 
f a c t o r  in  t o x i c i t y  s tu d ie s .  I t  has been suggested  th a t  
the e x c re t io n  o f o rg an ic s  in  the sweat i s  a means of 
r id d in g  th e  body o f n o n - e s s e n t i a l  components . 1 2 4  
Since a p ro p o r t io n  o f  normal human sw eating  i s  in s e n s ib l e ,  
t h i s  mode o f  lo s s  i s  p o s s ib ly  more s i g n i f i c a n t  than 
g e n e ra l ly  b e l ie v e d  f o r  many m e ta ls .  L i t t l e  re se a rc h  
has been p u b lish e d  on th e  c o n c e n tra t io n  le v e l s  o f  m e ta ls ,  
p a r t i c u l a r l y  cadmium, in  human p e r s p i r a t i o n .
1. C h a r a c t e r i s t i c s  o f  Human P e r s p i r a t io n
a . S en s ib le  and In s e n s ib le  Sweating
Normal h uman p e r s p i r a t i o n  c o n s i s t s  bo th  of 
s e n s ib le  and in s e n s ib le  sw e a tin g . 1 2 5  I n s e n s ib le  
sw eating  i s  t h a t  e l im in a t io n  of m o is tu re  which occurs  
w ith o u t  the  knowledge o r awareness of th e  s u b je c t .
S en s ib le  p e r s p i r a t i o n ,  on th e  o th e r  hand, i s  sw eating  
which can be f e l t  by the  in d iv id u a l .
I n s e n s ib le  p e r s p i r a t i o n  in c lu d e s  e l im in a t io n  both  
through r e s p i r a t i o n  and through the  s k in .  The mechanisms
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f o r  th e se  two pathways d i f f e r ,  b u t  bo th  a re  known to  
be in f lu e n c e d  by f a c t o r s  such as m e tab o lic  a c t i v i t y ,  
a tm ospheric  c o n d i t io n s ,  and body s i z e . 1 2 5  T o ta l  in s e n s ib l e  
p e r s p i r a t i o n  has  been e s t im a te d  to  be about 23 g /h r  
p e r  square  m eter o f  body su r fa c e  a re a .  The cutaneous 
p o r t io n  o f  t h i s  t o t a l  was cons ide red  to  be approx im ate ly  
16 g /h r  p e r  m2 . R e sp ira to ry  e x c re t io n  was th e r e fo r e  
e s t im a te d  to  be between 6  and 19 g /h r ,  depending on the 
volume of r e s p i r a t i o n  and the  h u m id i ty . 1 2 5
Cutaneous in s e n s ib l e  p e r s p i r a t i o n  v a r i e s  w ith  the 
reg io n  o f  th e  body . 1 2 5  The palm and so le  of th e  fo o t  have 
been found to  be 5-20 times more a c t iv e  in  in s e n s ib le  
e x c re t io n  than the  g e n e ra l  body s u r f a c e .  I t  a lso  i s  
known t h a t  th e re  a re  two types  o f in s e n s ib le  sw eating , 
which d i f f e r  in  the  reg io n  o f  the  body which e x h ib i t  
them . 1 2 5  Thermal sw eating  occurs  over the  g e n e ra l  body 
s u r f a c e ,  w ith  th e  ex c e p tio n  of the  palms and s o le s .
Mental o r  em otional sw ea ting , however, i s  dem onstrated  
p r im a r i ly  a t  th e  palms and s o l e s ,  and to  a l e s s e r  e x te n t  
a t  the  a x i l l a ,  fo reh ead ,  and some o th e r  re g io n s .
The com position  o f  sweat i s  b e l ie v e d  to  vary  depending 
on the reg io n  o f th e  body . 1 2 l f » 1 2 5
b . Mechanisms o f  Sweat E x c re t io n
S e n s ib le  and in s e n s ib le  p e r s p i r a t i o n  a re  
known to  d i f f e r  in  t h e i r  mechanism of e x c r e t i o n . 1 2 5  I n s e n s ib le  
p e r s p i r a t i o n  occurs  f o r  the  most p a r t  w ith o u t  th e  in v o lv e ­
ment o f  the sweat g la n d s .  In  the  s k in ,  th e  ep iderm is  i s  
s u p p lie d  w ith  m o is tu re  from th e  b lood v e s s e l s .  I n s e n s ib le  
sw eating  in v o lv e s  p r im a r i ly  th e  e v a p o ra t io n  o f t h i s  
m o is tu re  through th e  s k in .  Sweat g lands a re  b e l ie v e d  to  
be invo lved  only  to  a  l im i te d  e x te n t  in  in s e n s ib l e  p e r ­
s p i r a t i o n ,  p r im a r i ly  on the palms and s o l e s ,  and to  a 
sm all e x te n t  on th e  r e s t  o f  th e  body s u r fa c e .
In  c o n t r a s t ,  s e n s ib le  p e r s p i r a t i o n  i s  always a 
r e s u l t  o f  th e  s e c r e t io n  o f  th e  sweat g la n d s . 1 2 5  I t  i s  
known th a t  s e n s ib le  p e r s p i r a t i o n  i s  e x c re te d  from two 
types o f sweat g la n d s .  The more numerous ty p e ,  the 
e c c r in e  g la n d s ,  a re  d i s t r i b u t e d  over th e  whole body and 
s e c r e te  a d i l u t e  f l u i d  w ith  a low c o n c e n tra t io n  o f  many 
s u b s ta n c e s .  The a p o c r in e  g lan d s ,  on th e  o th e r  hand, a re  
found in  a s s o c i a t i o n  w ith  h a i r  f o l l i c l e s  in  a few 
r e s t r i c t e d  a re a s  o f  th e  body, such as th e  a x i l l a .  The 
s e c r e t io n  o f  th e  a p o c r in e  sweat g lands co n ta in s  many 
o rg a n ic  su b s tan ces  which vary  i n  d i f f e r e n t  g lands and 
w ith  d i f f e r e n t  in d iv id u a l s .  Apocrine glands a re  
a c t iv a t e d  by in te n s e  p a in  o r  f e a r ,
c. Composition o f  Sweat
I t  might be expec ted  t h a t  s e n s ib le  and 
in s e n s ib le  sweat would d i f f e r  s i g n i f i c a n t l y  in  com position . 
S en s ib le  sweat has been s a id  to  c o n ta in  a l l  th e  m in e ra ls  
found in  th e  b lo o d . 1 2 6  I t  was n o t  known w hether in s e n s ib le  
sweat a l s o  c o n ta in e d  th ese  same e lem en ts .
I t  has been s t a t e d  t h a t  sweat e x c re te d  du r in g  the 
i n i t i a l  s ta g e s  o f  p e r s p i r a t i o n  c o n ta in s  bo th  s e c re t io n s  
from th e  sweat g lands  and contam inants from th e  sk in  
t i s s u e .  Sweat o b ta in e d  du ring  more p ro fu se  p e r s p i r a t i o n ,  
however, was thought to  c o n ta in  only th e  e x c r e t io n  from 
the  sweat g la n d s . 1 2 5
d. Average Amount o f  P e r s p i r a t io n
The average amount o f  p e r s p i r a t i o n  f o r  humans 
has been e s t im a te d  by Kuno1 2 5  to  be between 3.0 and 3 .3  
kg/day f o r  a  65-kg (165-lb )  man under c o n d i t io n s  of 
approx im ate ly  29°C. S en s ib le  p e r s p i r a t i o n  was b e l ie v e d  
to  account f o r  approx im ate ly  2 .3  kg o f  t h i s  t o t a l .  Of 
co u rse ,  many f a c t o r s  in f lu e n c e  th e  amount o f  p e r s p i r a ­
t io n  expec ted  fo r  an in d iv id u a l  in c lu d in g  a tm ospheric  
c o n d i t io n s ,  m e tab o lic  r a t e ,  and body s i z e .  The maximum 
amount o f  p e r s p i r a t i o n  was re p o r te d  to  be 1.5 to  2 .0  
k g /h r . 1 2 5
M itc h e l l  and Hamilton r e p o r te d  an ex p er im en ta l  
i n s e n s ib le  p e r s p i r a t i o n  lo s s  o f  117 g /h r  under "com fortab le"  
c o n d i t io n s  and 720 g /h r  under " h o t ,  humid" c o n d i t io n s . 1 2 6  
These e s t im a te s  a re  s i g n i f i c a n t l y  h ig h e r  than those  of 
Kuno mentioned above. I t  i s  p o s s ib le  t h a t  some o f  th e  
sw eating  regarded  as  in s e n s ib le  by M itc h e l l  and Hamilton 
was in  f a c t  s e n s ib le  p e r s p i r a t i o n .
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2. A n a ly t ic a l  Problems in  th e  A nalys is  o f  Sweat
The a n a ly s is  of p e r s p i r a t i o n  was made d i f f i c u l t  
by s e v e ra l  f a c t o r s .  The f i r s t  problem was in  th e  c o l le c ­
t io n  o f a r e p r e s e n ta t iv e  sample. Care must be taken  to  
p rev en t con tam ination  n o t  only  from th e  c o l l e c t i o n  v e s s e l  
bu t a lso  from th e  s k in .  The danger of lo s s  through 
e v a p o ra t io n  a l s o  was p r e s e n t .  The p o s s i b i l i t y  t h a t  the  
com position o f sweat v a r ie d  depending on the  reg io n  of 
the  body a lso  com plicated  sample c o l l e c t i o n .  S evera l  
a u th o rs  have recommended a to ta l -b o d y  washdown procedure  
f o r  c o l l e c t i o n  o f  sw eat.  124-127 j n t h i s  tech n iq u e ,  s u b je c ts  
were exposed to  a c o n t ro l le d - te m p e ra tu re  chamber fo r  a 
measured amount of t im e , a f t e r  which the  whole body 
was washed to  c o l l e c t  sweat s o lu t e s .  The amount of 
sweat was c a lc u la te d  by m easuring the n e t  lo s s  in  body 
weight during  the c o l l e c t i o n  p e r io d .  Other 
in v e s t ig a to r s  c o l l e c te d  p e r s p i r a t i o n  in  a p o ly e th y len e  
bag a t ta c h e d  to  the  s u b j e c t ' s  fo rearm . 1 2 8 * 1 2 9  Cohn 
and Emmett r e p o r te d  th a t  specimens c o l l e c t e d  by the  
arm-bag method gave h ig h e r  and more v a r i a b le  r e s u l t s  
than those  c o l l e c te d  from th e  whole body . 1 2 7  I t  
seemed th a t  bo th  p rocedures  l e f t  much room f o r  e r r o r .
Another d i f f i c u l t y  in  the  a n a ly s i s  of sweat samples 
was s im i l a r  to  one encoun te red  in  u r in e  a n a ly s i s .  The 
p resence  of h igh  c o n c e n tra t io n s  o f in o rg a n ic  s a l t s ,  
p a r t i c u l a r l y  NaCl and KC1, could  i n t e r f e r e  w ith  the
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absorbance o f c e r t a i n  m eta ls  i f  a b s o rp t io n  tech n iq u es  
were used f o r  a n a l y s i s . 1 1 3 * 1 1 4  This in t e r f e r e n c e  was 
known to  be a problem fo r  cadmium in  p a r t i c u l a r .  The 
approximate c o n c e n tra t io n s  o f some o f the  e l e c t r o l y t e s  
found in  human sweat a re  l i s t e d  i n  Table 10. S a l t s  such 
as NaCl have been shown to s e r io u s ly  i n t e r f e r e  w ith  
cadmium a b so rp t io n  a t  c o n c e n tra t io n s  g r e a t e r  than 1  mg/ml; 1 1 4  
i t  can be r e a d i ly  seen from Table 10 th a t  the co n cen tra ­
t io n s  o f  s e v e ra l  s a l t s  in  p e r s p i r a t i o n  were w e l l  w i th in  
the range to  e x h i b i t  i n t e r f e r e n c e .
3. Common Methods f o r  the  A nalys is  o f Sweat
Few examples o f sweat a n a ly s is  were to  be found 
in  th e  l i t e r a t u r e .  S ev era l  o ld e r  papers  re p o r te d  the  
a n a ly s is  o f  p e r s p i r a t i o n  f o r  e lem ents  such as i r o n ,  z in c ,  
n i t r o g e n ,  and calcium  by v a r io u s  wet methods and 
c o lo r im e t r ic  p ro c e d u re s . 1 2 6 * 1 2 9  C onso laz io , e t  a l . , 
e s t im a te d  the  lo s s e s  o f  s e v e ra l  t r a c e  m eta ls  in  sw eat, 
measured by v a r io u s  p ro c e d u re s . 1 3 9  Cadmium was no t 
in c lu d ed  among the m e ta ls  determ ined . A l i s t  o f  some 
o f  the  m eta ls  in c lu d e d  in  th e  s tudy  and t h e i r  re p o r te d  
r a t e  o f  lo s s  through p e r s p i r a t i o n  i s  p re se n te d  in  Table 11.
S ev era l  e lem ents  have been determ ined  in  sweat by 
X-ray methods. B a rb ie r ,  ejt ja l .  , determ ined bromine in  
sweat by X-ray f lu o r e s c e n c e , 1 3 1  w h ile  Quinton used an 
e n e rg y -d is p e rs iv e  X-ray d e te c to r  on a scann ing  e l e c t r o n  
microscope to  determ ine s e v e ra l  o f  the major e lem ents
Table 10
APPROXIMATE CONCENTRATION OF THE ELECTROLYTES IN SWEAT1 2 5
C o n s t i tu e n t  Normal Cone, (mg/100 ml)
Sodium 200
Potassium  20
Calcium 2
Magnesium 1
C hloride  320
Urea-N 15
Amino acid-N  1
Ammonia 5
C re a t in in e  0 .3
Glucose 2
L a c t ic  a c id  25
Normal pH = 4 .5 - 7 .5 6 3
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ESTIMATED LOSSES
Element
Cr
Mn
Fe
Co
Cu
Zn
Se
Sr
Mo
I
F
Ni
Pb
Hg
Sb
Sn
Ba
Br
A1
Ti
Nb
Table 11 
OF TRACE METALS IN SWEAT1 3 0
Loss (mg/day) 
0.059 
0.097 
0 .5  
0.017 
1.59
5.08  
0 .34  
0 .96 
0 .061 
0.006 
0 .65 
0.083 
0.256 
0.0009 
0.011  
2 .23
0.085 
0. 2
6 .13  
0.001
0.003
in  s w e a t .132
Atomic a b so rp t io n  spec tro sco p y  has a lso  been used 
to  de term ine m eta ls  in  sw ea t . 1 2 7 * 1 2 8  Cohn and Emmett1 2 7  
r e p o r te d  a mean c o n c e n t ra t io n  o f  23 yg/1 (23 ppb) f o r  
cadmium in  the sweat o f  6  males and 2 fem ales . Asayama, 
e t  a l . , r e p o r te d  a h igh  c o r r e l a t i o n  among th e  co n cen tra ­
t io n s  o f n in e  m eta ls  in  p e r s p i r a t i o n .  The a u th o rs  
proposed th a t  the m e ta ls  were e x c re te d  by s im i la r  
mechanisms . 1 2 8  Both o f th e se  papers  r e p o r te d  t h a t  the  
c o n c e n tra t io n  o f  most m eta ls  ( in c lu d in g  cadmium) in  
p e r s p i r a t i o n  was h ig h e r  than the  c o n c e n tra t io n  found 
in  u r i n e . 1 2 7 » 1 2 8
4. Reasons f o r  This Study
In view o f  the l im i te d  d a ta  a v a i l a b le  on the  
c o n c e n tra t io n  o f  m e ta l s ,  p a r t i c u l a r l y  cadmium, in  human 
p e r s p i r a t i o n ,  i t  was thought to  be o f i n t e r e s t  to  
i n v e s t i g a t e  t h i s  e x c re to ry  mode more c lo s e ly .  I t  has 
been s t a t e d  th a t  th e  l e v e l s  o f  cadmium in  sweat a re  
h ig h e r  than  th o se  in  u r in e .  This suggested  t h a t  e x c re ­
t io n  o f  cadmium in  the  sweat could  be a s i g n i f i c a n t  
f a c t o r  in  the  b a lan ce  between uptake and s e c r e t io n  o f  
the m e ta l ;  the  amount o f  cadmium e x c re te d  through p e r s p i r a ­
t i o n  would d i r e c t l y  a f f e c t  th e  body burden o f t h i s  m etal 
in  man.
G raphite  fu rn ace  atom ic a b s o rp t io n  sp ec tro sco p y  
u s in g  the q u a r tz  "T" a to m iz e r  could  be e a s i l y  a p p l ie d
to  th e  a n a ly s is  o f  sweat sam ples. In  co n ju n c tio n  w ith  
sample in t ro d u c t io n  on f i l t e r  paper  d i s k s ,  the  d e sc r ib e d  
ap p a ra tu s  p rov ided  a  r a p id  and a c c u ra te  means o f  a n a ly s i s  
f o r  a p o t e n t i a l l y  d i f f i c u l t  b i o l o g i c a l  m a tr ix .
EXPERIMENTAL
1. Equipment
The equipment used in  th e  a n a ly s is  o f  sweat 
samples was i d e n t i c a l  to  t h a t  p re v io u s ly  d e sc r ib e d  fo r  the  
a n a ly s is  o f  u r in e  and b lood . The atom ic ab so rp t io n  
sp ec tro p h o to m ete r  was unchanged; a l l  components and 
a u x i l i a r y  equipment were the  same as those  p re v io u s ly  
mentioned.
2. Procedure
a. Sampling Techniques
Sweat samples were c o l l e c t e d  under s u p e rv is io n  
in  a sauna a t  the  LSU F ie ld  House, from v o lu n te e r s  who 
were members o f th e  u n iv e r s i t y  p o p u la t io n .  I n d iv id u a ls  
sampled had undergone an e x e r c i s e  program and then 
showered b e fo re  e n t e r in g  the  sauna. Sweat samples were 
c o l l e c t e d  only a f t e r  p ro fu se  sw eating  had begun in  o rd e r  
to  avoid  c o l l e c t i o n  o f s k in  co n tam in an ts .  C o l le c t io n  
was made by c a tc h in g  drops o f  p e r s p i r a t i o n  from th e  
nose o r  fo rehead  in  a p re v io u s ly  c lean ed  p o ly e th y le n e  
v i a l .  No c o n ta c t  was made between th e  v i a l  and the  
sk in  i t s e l f .  The average  volume o f sweat c o l l e c t e d  was
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approx im ate ly  2  ml over  a 1 0 -m inute  p e r io d .
C o l le c t io n  o f  most samples was made in  e a r l y  a f t e r ­
noon; some samples were o b ta in e d  in  l a t e  a f te rn o o n .  In 
most c a s e s ,  u r in e  samples were c o l l e c te d  from each s u b je c t  
w i th in  m inutes o f th e  c o l l e c t i o n  o f  sweat specimens. I t  
thus  was p o s s ib le  to  compare th e  cadmium co n ten t  o f  th ese  
two e x c re to ry  f l u i d s  c o l l e c te d  a t  e s s e n t i a l l y  the  same 
time under th e  same c o n d i t io n s  f o r  each in d iv id u a l .
A l l  samples were ana lyzed  w i th in  fo u r  hours  of 
c o l l e c t i o n  u s in g  the  techn ique  p re v io u s ly  d e sc r ib e d  f o r  
b lood  and u r in e  specim ens. One m i c r o l i t e r  of sweat was 
p laced  on a f i l t e r  p ap er  d isk  u s in g  a Hamilton sy r in g e .  
Disk and sample were su b seq u en tly  dropped onto th e  
s u r fa c e  of th e  h o t carbon bed where a to m iza tio n  occu rred . 
The c o n c e n tra t io n  o f  cadmium was determ ined  by m onito ring  
the  p e rc e n t  a b s o rp t io n  o f  the  cadmium resonance l i n e  a t  
2288A. This s ig n a l  r e p re s e n te d  bo th  a b s o rp t io n  due to 
cadmium and n o n - s p e c i f i c  a b so rp t io n  due to  m olecu lar  
background. Background c o r r e c t io n  was accomplished by 
m easuring the  a b s o rp t io n  by the  sample of a non-resonance 
l i n e  o f  the  cadmium hollow  cathode found a t  2266^.. 
Absorbance a t  t h i s  w avelength  was due only  to  m o lecu la r  
s p e c ie s .  The d i f f e r e n c e  between the  two s ig n a l s  was a 
measure of absorbance due to  cadmium and could  be r e l a t e d  
to  the c o n c e n t ra t io n  o f  th e  m eta l .
F i l t e r  paper  d isk s  were cu t from Whatman #41 f i l t e r  
paper  and c leaned  o f cadmium contam ination  by leach in g  
w ith  10% HNO3 as  p re v io u s ly  d e sc r ib e d .  The absorbance 
o f b lank  f i l t e r  p aper  d isk s  was r o u t in e ly  recorded  and 
s u b t r a c te d  from th e  sample absorbance,
b . C a l ib r a t io n  Procedures
C a l ib r a t io n  was c a r r i e d  out u s ing  th e  method 
o f s ta n d a rd  a d d i t i o n s .  I t  was observed e a r ly  in  t h i s  
s tudy  t h a t  the  c a l i b r a t i o n  curves  c o n s tru c te d  by s tan d a rd  
a d d i t io n s  to  d i f f e r e n t  sweat samples d i f f e r e d  in  s lo p e .  
This phenomenon had a lso  been observed when an a ly z in g  
u r in e  specimens. I t  was apparen t t h a t  th e  m a tr ix  e f f e c t s  
f o r  d i f f e r e n t  sweat samples v a r ie d ;  t h i s  f a c t  made i t  
n e c e ssa ry  to  g e n e ra te  s e p a ra te  c a l i b r a t i o n  curves  f o r  
each sample.
S tandard  a d d i t io n  c a l i b r a t i o n  was accom plished by 
sp ik in g  0 .5  ml a l i q u o t s  o f  a s in g le  sweat sample w ith  
m i c r o l i t e r  amounts o f  a 2 0  ppm aqueous cadmium s ta n d a rd .
A 20 ppm s ta n d a rd  was s e le c te d  because a d d i t io n s  o f t h i s  
s o lu t io n  would approx im ate ly  double the  c o n c e n tra t io n  
o f  cadmium o r i g i n a l l y  p r e s e n t  in  most sweat samples. 
G en e ra l ly ,  1, 3, and 5 y l a l iq u o t s  o f  the  aqueous 
s ta n d a rd  were added. I t  was observed as d a ta  c o l l e c t io n  
p ro g re s se d  t h a t  o f te n  the  s ta n d a rd  p rep ared  by th e  
a d d i t io n  o f  5 y l  o f  the  20 ppm cadmium s o lu t io n  was 
beyond th e  l i n e a r  range o f th e  a n a l y t i c a l  method. For
t h i s  re a so n ,  subsequent c a l i b r a t i o n  curves  were c o n s tru c te d  
u s in g  only th e  o r i g i n a l  sample p lu s  th e  two s ta n d a rd s  
p rep a red  by adding s p ik e s  o f  1 and 3 y l  o f  the  aqueous 
cadmium.
A complete s ta n d a rd  a d d i t io n  c a l i b r a t i o n  curve was 
c o n s tru c te d  fo r  approx im ate ly  one ou t o f  fo u r  p e r s p i r a t i o n  
samples. The rem aining  samples were analyzed  u s ing  th e  
o r i g i n a l  sample and one a l iq u o t  co n ta in in g  a s tan d a rd  
a d d i t io n .  The volume o f  many samples was i n s u f f i c i e n t  
to  p rov ide  more than one 0 .5  ml a l iq u o t  fo r  the  purpose 
o f  s ta n d a rd  a d d i t i o n s .  However, the  complete c a l i b r a t i o n  
curves  c o n s tru c te d  w ith  a t  l e a s t  one sample p e r  day were 
c o n s i s t e n t ly  l i n e a r .  T h e re fo re ,  i t  was f e l t  t h a t  th o se  
curves c o n s tru c te d  u s in g  the  o r i g i n a l  sample and one 
sp iked  a l iq u o t  were a lso  s a t i s f a c t o r y .
RESULTS
1. C oncen tra tion  Range f o r  Cadmium in  th e  P e r s p i r a t io n  
o f  Unexposed In d iv id u a ls
Sweat samples were c o l l e c te d  from a number of 
in d iv id u a l s  who were n o t  o c c u p a t io n a l ly  exposed to  cadmium. 
A ll  s u b je c ts  sampled in  t h i s  s tudy were male and most 
were between 40 and 60 y ea rs  o f  age. P e r s p i r a t io n  
samples were ana lyzed  fo r  cadmium u s ing  the  techn ique  
p re v io u s ly  d e sc r ib e d .  The r e s u l t s  o f  th e se  an a ly se s  
a re  p re se n te d  in  Table 12. The mean c o n c e n tra t io n  o f
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Table 12
VALUES FOR CONCENTRATION OF CADMIUM FOUND IN THE SWEAT 
OF UNEXPOSED INDIVIDUALS
S u b jec t  Cone. Cd (ppb)
A 41
B 90
C' 28
D' 161
E' 12
Ff 50
1 70
2  26
3 11
4 60
5 54
6  82
7 98
8  83
9 59
10 58
1 1  180
S u b jec t  Cone. Cd (ppb)
12 70
13 6 8
14 100
15 42
16 85
17 205
18 175
19 45
20 45
21 110
2 2  i n s u f f i c i e n t  sample
23 194
24 54
25 126
26 195
27 6 8
28 2 2
n = 33 
mean = 84 ppb 
range = 11-205 ppb
cadmium f o r  a l l  33 in d iv id u a l s  was 84 ppb; th e  range 
o f v a lu es  ex tended  from 11 ppb to  205 ppb Cd.
The d i s t r i b u t i o n  o f  th ese  v a lu es  f o r  the  cadmium 
c o n c e n tra t io n  in  sweat i s  i l l u s t r a t e d  in  F igure 18. To 
o b ta in  t h i s  f i g u r e ,  the  v a lu es  l i s t e d  in  Table 12 were 
rounded to  the n e a r e s t  1 0  ppb and p re se n te d  as a fu n c t io n  
o f  th e  frequency o f  o b s e rv a t io n .  I t  can be observed 
th a t  the  m a jo r i ty  o f  sweat samples c o n ta in ed  a cadmium 
c o n c e n tra t io n  o f  between 10 and 130 ppb; th ese  samples 
e x h ib i te d  a f a i r l y  normal d i s t r i b u t i o n  p a t t e r n  about a 
mean va lue  o f  60 ppb Cd. S ix  v a lu es  appeared  to  be 
abnorm ally h ig h ,  f a l l i n g  o u ts id e  t h i s  d i s t r i b u t i o n .
2. V a r ia t io n s  in  th e  Cadmium C o n ce n tra t io n  in  the  
P e r s p i r a t io n  o f  an In d iv id u a l
The p e r s p i r a t i o n  o f  two in d iv id u a l s  was analyzed  
re p e a te d ly  over a p e r io d  o f  approx im ate ly  two months in  
o rd e r  to  fo llo w  d ay - to -d ay  changes in  th e  c o n c e n tra t io n  
o f cadmium. I t  was observed  th a t  th e  cadmium co n cen tra ­
t io n  d id  indeed  change w ith  tim e. The r e s u l t s  o f  t h i s  
s tudy  are  p re se n te d  in  Table 13. F igure  19 i l l u s t r a t e s  
the d i s t r i b u t i o n  o f  th e  v a lu es  fo r  the  cadmium con­
c e n t r a t io n s  f o r  th e se  two s u b je c t s .  I t  can be seen 
t h a t  the  d i s t r i b u t i o n  range d i f f e r e d  between th e  two 
s u b je c t s ,  w ith  S u b jec t  B hav ing  a h ig h e r  average con-
i
c e n t r a t i o n  o f  cadmium in  th e  sweat th an  S ub jec t A. There 
appeared to  be one abnorm ally  h ig h  v a lu e  fo r  each
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FIGURE 18
This f ig u re  shows the  d i s t r i b u t i o n  o f the  cadmium c o n c e n tra t io n s  found in  the  sweat o f
in d iv id u a ls  no t o c c u p a t io n a l ly  exposed to  cadmium.
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Table 13
Date
DAILY VARIATIONS IN THE CONCENTRATION OF CADMIUM 
IN THE SWEAT OF TWO INDIVIDUALS
Cone. Cd (ppb)
S u b jec t  A S u b jec t  B
02-08-80
03-10-80
03-14-80
03-17-80
03-19-80
03-24-80
03-26-80
03-28-80
03-31-80
04-16-80 
04-18-80 
04-21-80 
04-23-80 
04-28-80 
04-30-80
16
18
18
50
32
42
52
23
68
105
60
38
46
22
26
51
140
60
75
43
100
86
62
no sample c o l le c te d  
48 
120 
205 
128 
70 
77
n
mean
a
range
15
41 ppb 
24
16-105 ppb
n
mean
a
range
14
90
45
43-205 ppb
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FIGURE 19
T his f ig u re  shows th e  d i s t r i b u t io n  o f the  cadmium c o n c e n tra tio n s  found in  the  sw eat o f  two 
in d iv id u a ls .  Samples were c o l le c te d  r e g u la r ly  over a 2-month p e r io d .
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in d iv id u a l .  The mean cadmium c o n c e n tra tio n  in  th e  sweat 
o f  th e se  two in d iv id u a ls  was found to  be 41 ppb fo r  
S u b jec t A and 90 ppb fo r  S u b jec t B. I f  th e  h ig h  v a lu e  
fo r  each s u b je c t  was ex c lu d ed , th e  average cadmium 
c o n c e n tra tio n  (mean _+ a) was found to  be 36 + 17 ppb 
fo r  S u b jec t A and 82 + 32 ppb fo r  S u b jec t B. This 
in d ic a te d  an average d a i ly  v a r ia t io n  of app rox im ate ly  
40-45%.
The " s ta n d a rd  d e v ia tio n "  has been c a lc u la te d  here  
as a  m easure o f th e  amount o f v a r ia t io n  in  th e  co n cen tra ­
t io n  of cadmium found in  th e  sweat on a d ay -to -d ay  
b a s is .  I t  must be em phasized, however, th a t  a d i f f e r e n t  
sample was ana ly zed  to  o b ta in  each o f th e  re p o rte d  
v a lu e s ; th e r e fo r e ,  th e  v a lu es  c a lc u la te d  above a re  no t 
a m easure o f  p r e c is io n  n o r o f t ru e  d e v ia t io n . These 
v a lu es  only se rv e  as an in d ic a t io n  o f th e  range of 
cadmium le v e ls  found in  sw eat and th e  d i s t r i b u t io n  
w ith in  th a t  ran g e .
The d a ta  in d ic a te d  th a t  on one day (4 -1 6 -8 0 ), the  
p e r s p i r a t io n  sam ples c o l le c te d  from th e  two s u b je c ts  
may have been re v e rs e d . U n fo rtu n a te ly , i t  was im possib le  
to  v e r i f y  t h i s  p o s s i b i l i t y .
3. P re c is io n  o f th e  A n a ly tic a l  Method
A s in g le  p e r s p i r a t io n  specim en was ana ly zed  
r e p e a te d ly  in  o rd e r  to  determ ine the  p r e c is io n  of the  
f i l t e r  p ap er d isk  tech n iq u e  in  th e  a n a ly s is  o f  t h i s  type
o f sam ple. The d a ta  o b ta in ed  a re  p re se n te d  in  Table 14.
At a le v e l  o f 22 ppb Cd in  th e  sam ple, th e  r e l a t iv e  
s ta n d a rd  d e v ia tio n  o f the  t o t a l  absorbance measurement 
was 12%. The average t o t a l  s ig n a l  reco rd ed  fo r  the  
sample was 14% a b so rp tio n . The r e l a t iv e  s ta n d a rd  d e v ia tio n  
o f the  absorbance s ig n a l  due only  to  cadmium was ap p ro x i­
m ately  2 2 %, which corresponds to  an e r r o r  o f app rox im ate ly  
+ 5 ppb Cd.
4. Comparison o f  th e  Cadmium C o n cen tra tio n s  Found in  
Sweat and U rine
In most c a s e s , u r in e  sam ples were c o l le c te d  in  
co n ju n c tio n  w ith  sw eat specim ens fo r  each in d iv id u a l  
t e s t e d .  Both sweat and u r in e  sam ples were analyzed  
w ith in  fo u r  hours o f c o l le c t io n .  The c o n c e n tra tio n  o f 
cadmium in  th e se  two e x c re to ry  f lu id s  could  th u s  be 
compared fo r  each s u b je c t ;  th e se  d a ta  a re  p re se n te d  in  
Table 15. I t  can be seen th a t  in  a l l  cases  the  u r in a ry  
cadmium c o n c e n tra tio n  was le s s  than th a t  in  th e  sw eat.
A com parison o f  th e  two v a lu e s  by means o f  a r a t i o  
([Cd] in  sw eat/[C d] in  u r in e )  showed no d i s t i n c t  c o r r e la ­
t io n  between th e  cadmium c o n c e n tra tio n  o f th e  two 
sam ples. A g ra p h ic a l  p r e s e n ta t io n  o f  th e  c o r r e la t io n  
d a ta  can be found in  F igu re  20.
Sweat and u r in e  specim ens were a ls o  c o l le c te d  to g e th e r  
f o r  th e  two s u b je c ts  th a t  were sampled re p e a te d ly  fo r  
v a r i a b i l i t y  s tu d ie s .  The a n a ly se s  o f th e se  sam ples made
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Table 14
VALUES OBTAINED FOR REPEATED ANALYSIS OF A 
SINGLE SWEAT SAMPLE
T o ta l T o ta l
A liq u o t % A bsorp tion A liq u o t % Absorpt:
1 13 1 1 15
2 14 1 2 13.5
3 15.5 13 10.5
4 13.5 14 13.5
5 16 15 14
6 19 16 14
7 14 17 14
8 1 2 18 17
9 13 19 14.5
1 0 14.5 2 0 12.5
Average T o ta l % A bsorp tion  = 1 4 .1 ; 0 = 1 . 8
Average T o ta l A bsorbance = 0 .0 6 6 ; a => 0.0079
R e la tiv e : s ta n d a rd  d e v ia tio n o f t o t a l absorbance = 1 2 %
Absorbance due to  Cd a lo n e  = 0.035
R e la tiv e  s ta n d a rd  d e v ia tio n  o f Cd absorbance = 22%
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Table 15
COMPARISON OF THE CONCENTRATION OF CADMIUM IN THE URINE 
AND IN THE SWEAT OF UNEXPOSED INDIVIDUALS
Sweat [Cd](ppb)
S u b jec t [Cd] in  Sweat (ppb) [Cd] in  U rine (ppb) U rine [Cd](ppb)
A 41 23 1 . 8
B 90 24 3 .8
1 70 28 2 .5
2 26 N.D.
3 1 1 4 2 . 8
4 60 24 2 .5
5 54 7 7.7
6 82 6 6 1 . 2
7 98 2 0 4.9
8 83 19 4 .4
9 59 1 2 4.9
1 0 58 18 3.2
13 6 8 67 1 . 0
14 1 0 0 N.D.
15 42 18 2 .3
16 85 1 0 8.5
17 205 28 7 .3
18 175 1 1 15 .9
19 45 1 2 3 .8
2 0 45 19 2 .4
2 1 1 1 0 25 4 .4
23 194 32 6 . 1
24 54 9 6 . 0
25 126 27 4 .7
26 195 17 11.5
27 6 8 2 2 3.1
28 2 2 18 1 . 2
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FIGURE 20
T his f ig u re  shows th e  poor c o r r e la t io n  observed  betw een th e  cadmium 
c o n c e n tra tio n  in  th e  u r in e  and th a t  in  th e  sw eat o f  in d iv id u a ls  n o t 
o c c u p a tio n a lly  exposed to  cadmium.
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p o s s ib le  a com parison o f  th e  d ay -to -d ay  changes in  the 
cadmium c o n c e n tra tio n  o f th e se  two f lu id s .  The d a ta  
o b ta in e d , which r e p re s e n ts  a com posite o f Tables 7 and 13 
a re  p re se n te d  in  Table 16. A gain, u r in a ry  cadmium concen 
t r a t i o n s  were l e s s  th an  th o se  in  sw eat and the  r a t i o  
betw een th e  cadmium c o n c e n tra tio n s  in  th e  two sam ples 
([Cd] in  sw eat/[C d] in  u r in e )  was h ig h ly  v a r ia b le .
The cadmium c o n c e n tra tio n  fo r  th e  sw eat and u rin e  
o f S u b jec t A as  a fu n c tio n  o f th e  d a te  i s  p re se n te d  
g r a p h ic a l ly  in  F ig u re  21. A s im i la r  i l l u s t r a t i o n  fo r  
S u b jec t B can be found in  F igu re  22.
DISCUSSION
1. G eneral C o n s id e ra tio n s  C oncerning th e  D eterm ination  
o f Cadmium in  P e r s p i r a t io n
I t  has been p re v io u s ly  m entioned th a t  th e  
d e te rm in a tio n  o f  cadmium in  p e r s p i r a t io n  was made d i f ­
f i c u l t  by th e  p resen ce  o f  a h igh  c o n c e n tra tio n  o f 
in o rg a n ic  s a l t s ,  such as NaCl and KC1, as  w e ll as by 
o th e r  c o n s t i tu e n ts  o f  th e  m a tr ix . The f i l t e r  pap er 
d isk  tech n iq u e  u t i l i z e d  in  t h i s  re se a rc h  allow ed the  
d i r e c t  d e te rm in a tio n  o f  cadmium in  p e r s p i r a t io n  by 
p ro v id in g  a more com plete breakdown o f th e  sample m a tr ix , 
th e re b y  m inim izing  background ab so rb an ce . For a l l  
sw eat sam ples an a ly zed , th e  average  background absorbance 
was app ro x im ate ly  0 .0 3  absorbance u n i t s ,  which c o r -
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Table 16
COMPARISON OF THE CONCENTRATION OF CADMIUM IN THE URINE 
AND IN THE SWEAT OF TWO INDIVIDUALS (REPEATED SAMPLING)
fed] in  Sweat (ppb)/[C d] In  U rine (ppb)
Date S u b jec t A S u b jec t B
03-10-80 18/30 = 0 . 6 no sam ples c o l le c te d
03-14-80 18/18 £= 1 . 0 60/16 = 3 . 7
03-17-80 50/22 = 2 .3 75/20 = 3 . 7
03-19-80 32/24 = 1 .3 43/22 = 2 .0
03-24-80 42/28 = 1.5 100/40 = 2 . 5
03-26-80 52/25 = 2 . 1 86/16 = 5 . 4
03-28-80 23/5 = 4.6 62/17 = 3.6
03-31-80 68/13 = 5 .2 no sam ples c o l le c te d
04-16-80 105/18 = 5 .8 48/35 = 1 .4
04-18-80 60/62 = 1 . 0 120/31 = 3 . 9
04-21-80 38/27 = 1.4 205/53 = 3 .9
04-23-80 46/20 = 2 .3 128/14 = 9 .1
04-28-80 22/15 = 1.5 70/15 = 4 . 7
04-30-80 26/15 = 1 .7 77/14 = 5 .5
n = 14 n = 1 2
mean = 2 . 3 mean = 4 .1
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FIGURE 21
T his f ig u re  shows th e  c o n c e n tra tio n  o f cadmium found in  th e  u r in e  
and in  th e  sw eat o f  S u b je c t A as a fu n c tio n  o f th e  d a te .
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FIGURE 22
This f ig u re  shows th e  c o n c e n tra tio n  o f cadmium found in  th e  u r in e  
and in  the  sw eat o f  S u b jec t B as a fu n c tio n  o f th e  d a te .
2 0
150
100-
5 0 ‘
30^  March April 20
DATE
responds to  a s ig n a l  o f  about 6 % a b so rp tio n . P re lim in a ry  
ash in g  s te p s  o r  d i lu t io n  o f  th e  sample b e fo re  a n a ly s is  
was u n n ecessary . The d e sc rib e d  tech n iq u e  th e re fo re  
e l im in a te d  the  e r r o r s  a s s o c ia te d  w ith  sample p r e t r e a t ­
m ent, as w e ll  as g r e a t ly  s im p lify in g  th e  a n a ly s is  
p ro ced u re .
The p r e c is io n  o f  th e  a n a ly t ic a l  method has been 
s ta te d  to  be ap p rox im ate ly  22% a t  th e  22 ppb l e v e l .  This 
p re c is io n  was c o n s id e red  to  be a c c e p ta b le  fo r  the determ ina­
t io n  o f  cadmium a t  t h i s  low le v e l  in  p e r s p i r a t io n  sam ples.
As has been su g g ested  in  C hapter 1, the  p re c is io n  of 
th e  method could  be improved by th e  use o f an au to m atic  
background c o r r e c to r .
As has been p re v io u s ly  m entioned, i t  was observed 
th a t  c a l ib r a t io n  cu rv es  o b ta in ed  by s ta n d a rd  a d d it io n s  
to  d i f f e r e n t  sw eat sam ples v a r ie d  in  s lo p e . This 
o b se rv a tio n  had a ls o  been made when u r in e  sam ples were 
analyzed  and in d ic a te d  a chem ical in te r f e r e n c e  by some 
c o n s t i tu e n t ( s )  o f  th e  sample m a tr ix . D if fe re n t  chem ical 
forms o f a m eta l would be expected  to  d i f f e r  in  t h e i r  
e f f ic ie n c y  o f  a to m iz a tio n  under th e  same c o n d itio n s ;  
th e r e fo r e ,  th e  change in  s lo p e  fo r  th e  s ta n d a rd  a d d it io n  
c a l ib r a t io n  cu rves f o r  d i f f e r e n t  p e r s p i r a t io n  sam ples 
in d ic a te d  a d i f f e r e n t  chem ical form o f cadmium in  th e se  
sam ples.
2. C o n cen tra tio n  Range f o r  Cadmium in  th e  P e r s p ir a t io n  
o f  Unexposed In d iv id u a ls
The d i s t r i b u t io n  o f  v a lu e s  f o r  th e  c o n c e n tra tio n  
o f cadmium in  th e  p e r s p i r a t io n  o f th e  p o p u la tio n  
sam pled, shown in  F igu re  18, in d ic a te d  two d i s t r i b u t io n  
ran g es . The m a jo r ity  o f sam ples ana lyzed  co n ta in ed  
betw een 11 and 126 ppb Cd and e x h ib i te d  an e s s e n t i a l l y  
norm al d i s t r i b u t io n  w ith in  t h i s  ran g e . An a d d i t io n a l  
s ix  sam ples, how ever, c o n ta in ed  from 161 to  205 ppb Cd.
I t  was p o s s ib le  th a t  th e se  in d iv id u a ls  more e f f i c i e n t l y  
e x c re te d  cadmium through  th e  sw eat g lan d s .
L im ited  d a ta  were a v a i la b le  in  th e  l i t e r a t u r e  
re g a rd in g  th e  le v e l  o f  cadmium in  p e r s p i r a t io n .  Cohn and 
Emmett re p o r te d  a mean v a lu e  o f 24 + 16 yg/1 (24 ppb) Cd 
f o r  6  m a les . 1 2 7  The method o f  a n a ly s is  used by th e se  
re s e a rc h e rs  was flam e atom ic a b so rp tio n  s p e c tro s c o p y .1^  
O ther re s e a rc h e rs  who analyzed  p e r s p i r a t io n  d id  n o t 
r e p o r t  th e  c o n c e n tra tio n  o f  cadmium.
The v a lu es  o b ta in e d  f o r  the  c o n c e n tra tio n  o f 
cadmium in  sw eat by th e  d e sc rib e d  method were b e lie v e d  
to  be rea so n a b le  and a c c u ra te .  A lthough Cohn and Emmett 
r e p o r te d  a s ig n i f i c a n t ly  low er average v a lu e  than  th a t  
re p o r te d  h e re , i t  must be co n s id e red  th a t  t h e i r  method 
in v o lv ed  a much more complex sample c o l le c t io n  p ro ced u re  
( t o t a l  body washdown) and th e reb y  c o n s id e ra b le  d i lu t io n  
o f  th e  sam ple. A f te r  c o l le c t io n  and f i l t r a t i o n ,  p r e -
c o n c e n tra tio n  o f  th e  sample was n e c e ssa ry  in  o rd e r  to  
de term ine cadmium in  th e  ppb ran g e . The method th e re ­
fo re  was s u b je c t  to  many so u rces  o f  e r r o r .  I t  was 
b e l ie v e d  th a t  d i r e c t  c o l le c t io n  o f  th e  sam ple, such as  
was p r a c t ic e d  in  t h i s  s tu d y , and d i r e c t  a n a ly s is  by th e  
f i l t e r  p ap er d isk  tech n iq u e  r e s u l te d  in  a  more a c c u ra te  
m easure o f  th e  cadmium c o n te n t o f  p e r s p i r a t io n .
3. E s tim ated  D aily  E x c re tio n  o f  Cadmium Through P e r s p i r a t io n  
The sweat sam ples c o l le c te d  f o r  t h i s  s tu d y  were 
c o n s id e red  to  r e p re s e n t  s e n s ib le  sw eat. In  f a c t ,  under 
th e  c o n d itio n s  in  which th e  sam ples were c o l le c te d  ( in  
a s a u n a ) , i t  m ight be co n s id e red  th a t  maximum sw eating  
took p la c e .  I t  has been e s tim a te d  th a t  maximum p e r s p i r a ­
t io n  ta k e s  p la c e  a t  a r a te  o f  ap p ro x im ate ly  1 .5  k g /h r . 1 2 5  
Under th e se  c o n d it io n s ,  an in d iv id u a l  w i l l  e x c re te  
app ro x im ate ly  90 yg o f  cadmium p e r  h o u r (u s in g  an average 
v a lu e  o f  60 ppb fo r  th e  cadmium c o n c e n tra tio n  o f  sw e a t) .
I f  t h i s  r a t e  o f  sw eating  co n tin u ed  i n d e f in i t e l y ,  th e  
maximum amount o f cadmium lo s t  th rough  p e r s p i r a t io n  
would be ap p ro x im ate ly  2  mg/day.
The l e v e l  o f  cadmium in  in s e n s ib le  sw eat may be 
d i f f e r e n t  from th o se  re p o r te d  h e re  due to  th e  f a c t  th a t  
s e n s ib le  and in s e n s ib le  sw ea tin g  were b e lie v e d  to  tak e  
p la c e  by d i f f e r e n t  m echanism s . 1 2 5  However, i f  i t  i s  
assumed th a t  th e  c o n c e n tra tio n  o f  cadmium in  in s e n s ib le  
sw eat i s  th e  same as  th a t  m easured h e re  f o r  s e n s ib le
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sw eat, an e s tim a t io n  o f th e  t o t a l  amount o f cadmium 
e x c re t io n  under more norm al c o n d itio n s  can be made.
I f  th e  average amount o f  in s e n s ib le  p e r s p i r a t io n  i s  
1  k g /d a y , 1 2 5  then  ap p rox im ate ly  60 yg o f cadmium would 
be e x c re te d  d a i ly  by t h i s  means. The t o t a l  cadmium 
e x c re tio n  p e r 24 -hour p e r io d  would depend on the  
a d d i t io n a l  amount o f  s e n s ib le  sweat e x c re te d . T h is , in  
tu rn ,  would depend on in d iv id u a l  c h a r a c t e r i s t i c s  and 
env ironm en ta l c o n d it io n s .  As a rough e s tim a t io n ,  i t  
may be assumed th a t  man e x c re te s  app rox im ate ly  3 kg/day 
o f b o th  s e n s ib le  and in s e n s ib le  sw ea t . 1 2 5  T h e re fo re , 
th e  amount o f  cadmium which may be e x c re te d  through  th e  
sweat can be e s tim a te d  to  be abou t 1 2 0  yg /day .
I t  seemed, b ased  on th e  s tu d ie s  re p o r te d  h e re ,  th a t  
e x c re t io n  o f  cadmium th rough  p e r s p i r a t io n  was a s i g n i f i ­
can t mode o f lo s s  o f  th e  m e ta l.
4 . V a r ia tio n s  in  th e  Cadmium C o n ce n tra tio n  o f Sweat 
fo r  an In d iv id u a l
The cadmium c o n c e n tra tio n  o f  p e r s p i r a t io n  was 
found to  vary  f o r  an in d iv id u a l  sampled on d i f f e r e n t  days. 
As F ig u re  19 i l l u s t r a t e s ,  th e  amount o f v a r ia t io n  
observed  was d i f f e r e n t  f o r  th e  two s u b je c ts  s tu d ie d .
The c o n c e n tra tio n  o f  cadmium found in  th e  p e r s p i r a t io n  
o f S u b jec t A was w ith in  a range o f from 16 to  105 ppb Cd, 
w h ile  th a t  o f  S u b jec t B spanned a w id er range o f  between 
43 and 205 ppb Cd.
I t  was n o t s u rp r is in g  th a t  th e  c o n c e n tra tio n  of 
cadmium in  sw eat was found to  vary  on a d ay -to -d ay  b a s is .  
Many f a c to r s  could  in f lu e n c e  t h i s  v a r i a t io n ,  in c lu d in g  
in d iv id u a l  c h a r a c t e r i s t i c s  such as  d i e t ,  e x e r c is e ,  
f lu id  in ta k e ,  and th e  e f f ic ie n c y  o f th e  sw eat g lan d s .
D ie t could  a f f e c t  e l im in a tio n  o f cadmium through  
p e r s p i r a t io n  by changing th e  in ta k e  o f cadmium, as w ell 
as th a t  of o th e r  m e ta ls  o r  compounds which m ight be in  
b a lan ce  w ith  i t  in  th e  body. F lu id  in ta k e  a lso  would 
d i r e c t ly  in f lu e n c e  th e  cadmium c o n c e n tra tio n  in  sweat 
by a l t e r in g  th e  f lu id  a v a i la b le  f o r  s e c re t io n  and, 
depending on th e  in d iv id u a l ,  th e  amount o f  p e r s p i r a t io n  
s e c re te d .  Of co u rse , i t  has been w e ll known th a t  
a tm o sp h eric  c o n d itio n s  w i l l  a f f e c t  th e  t o t a l  amount o f 
p e r s p i r a t i o n . 1 2 5  A lthough t h i s  e f f e c t  was m inim ized in  
t h i s  s tudy  by the c o l le c t io n  o f  sam ples alw ays under 
th e  same c o n d it io n s ,  a tm ospheric  v a r ia t io n s  would 
in f lu e n c e  t o t a l  p e r s p i r a t io n ,  and th e re fo re  t o t a l  
e x c re t io n  o f cadmium, under normal d a i ly  c ircu m stan ces .
A d if f e re n c e  in  th e  amount o f d a i ly  v a r ia t io n  between 
in d iv id u a ls  in d ic a te d  a d if fe re n c e  in  th e  response  of 
th e  i n d iv id u a l 's  sw eat g lands to  f a c to r s  such as  th o se  
m entioned above.
5 . Comparison o f th e  Cadmium C o n ce n tra tio n s  Found in  
Sweat and Urine
I t  was of i n t e r e s t  to  d isc o v e r  w hether a
c o r r e la t io n  e x is te d  between th e  c o n c e n tra tio n  o f cadmium 
in  th e  sw eat and in  th e  u r in e ,  as  r e p re s e n ta t iv e s  o f two 
d i f f e r e n t  e x c re to ry  modes in  man. As i s  i l l u s t r a t e d  in  
F igure 20, no d i r e c t  c o r r e la t io n  was e v id e n t betw een 
th e  a b so lu te  c o n c e n tra tio n  o f cadmium in  th e se  two 
e x c re to ry  f lu id s  f o r  the  t o t a l  p o p u la tio n  s tu d ie d . How­
e v e r ,  exam ination  o f  F ig u res  21 and 22 su g g ested  a 
rough c o r r e la t io n  between th e  d a i ly  v a r ia t io n s  in  th e  
cadmium c o n c e n tra tio n s  in  th e se  two f lu id s .  I t  can be 
observed  t h a t ,  in  g e n e ra l ,  e le v a t io n s  in  u r in a ry  cadmium 
o ccu rred  in  c o n ju n c tio n  w ith  e le v a t io n s  in  sw eat cadmium 
fo r  bo th  in d iv id u a ls  s tu d ie d . The same appeared  to  be 
tru e  in  reg a rd  to  d ep ressed  cadmium v a lu e s . This 
c o r r e l a t io n ,  o f c o u rse , was only  a g e n e ra l tendency , and 
on c e r ta in  days was n o t in  ev id en ce . The o v e r a l l  t re n d , 
however, in d ic a te d  th a t  an in c re a se  in  cadmium e x c re tio n  
was r e f l e c te d  in  an in c re a se  in  b o th  modes o f e l im in a tio n  
from th e  body. In c re a s e s  o r  d ec rease s  in  th e  cadmium 
le v e l  in  th e se  two f lu id s  may r e f l e c t  a co rrespond ing  
in c re a s e  o r d ec rease  in  cadmium in ta k e  o r ex p o su re . I t  
was a ls o  p o s s ib le  th a t  a change in  th e  l e v e l  o f some 
o th e r  com ponent(s) in  th e  body may cause a  change in  
th e  r a te  o f e x c re t io n  o f cadmium.
In  th e  course  o f  sw eat and u r in e  a n a ly s e s ,  a 
g e n e ra l p a t te r n  was observed  betw een th e  s lo p e s  o f th e  
s ta n d a rd  a d d i t io n  c a l ib r a t io n  cu rves fo r  th e  two ty p es
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o f sam ples. I t  was n o tic e d  th a t  re p e a te d  a n a ly s is  o f 
sam ples from th e  same in d iv id u a l  (observed  fo r  S u b je c ts  
A and B) alw ays seemed to  y ie ld  c a l ib r a t io n  curves o f 
the same g e n e ra l s lo p e . In  th o se  cases  where th e  s lo p e  
o f th e  c a l ib r a t io n  curve changed from th e  norm al, the 
c o n c e n tra tio n  of cadmium found in  th a t  p a r t i c u la r  
sample a ls o  d e v ia te d  s u b s ta n t i a l ly  from th e  mean.
These e f f e c t s  can be observed  from th e  d a ta  p re se n te d  in  
Table 17.
I t  i s  a lso  e v id e n t from the  d a ta  in  Table 17 th a t  
th e  s lo p e s  o f th e  c a l ib r a t io n  curves fo r  th e  two types 
o f  sam ples (u rin e  and sw eat) were s im i la r  in  alm ost a l l  
c a se s . A gain, i t  was n o tic e d  th a t  d e v ia t io n s  from the  
"norm al" s lo p e  were r e f l e c te d  in  s u b s ta n t i a l  d e v ia tio n s  
from th e  average cadmium c o n c e n tra tio n  fo r  th a t  p a r t i c u la r  
type o f sam ple.
A s im i la r  p a r a l le l i s m  between th e  s lo p e s  o f th e  
s ta n d a rd  a d d it io n  cu rves f o r  u r in e  and sweat specim ens 
was observed  fo r  o th e r  in d iv id u a ls  sam pled. The s lo p e s  
o f the  c a l ib r a t io n  cu rves g e n e ra l ly  were n e a r  0.0015 (A/ 
p p b ). Those sam ples w ith  s h i f t e d  s lo p e s  were found to  
c o n ta in  u n u su a lly  h ig h  o r  low c o n c e n tra tio n s  o f cadmium.
The s im i la r i ty  in  s lo p e s  fo r  th e  c a l ib r a t io n  cu rves 
f o r  sw eat and u r in e  sam ples in d ic a te d  th a t  th e  m a trix  
e f f e c t s  were s im i la r  fo r  th e  two sample ty p e s . This 
su g g ested  e i t h e r  th a t  th e  cadmium s e c re te d  v ia  th e se
Table 17
COMPARISON OF THE CADMIUM CONCENTRATION AND SLOPES OF THE CALIBRATION CURVES FOR URINE AND SWEAT ANALYSIS
S u b jec t A S ub ject B
U rine Sweat U rine Sweat
Date [Cd](ppb) Slope(A /ppb) [Cdl(ppb) Slope(A /ppb) fCd](ppb) Slope(A /ppb) [Cd](ppb) Slope(A /pt
03-26-80 25 0.0015 52 0.0015 16 0.0034 8 6 0.0039
03-28-80 5 0.0020 23 0.0015 17 0 . 0 0 2 0 62 0 . 0 0 2 2
04-16-80 18 0.0019 105 0 . 0 0 1 0 35 0.0015 48 0.0038
04-18-80 62 0.0007 60 0.0007 31 0.0014 1 2 0 0.0013
04-21-80 27 0.0017 38 0.0015 53 0.0006 205 0.0008
04-23-80 2 0  0 . 0 0 2 0 46 0.0017 14 0.0016 128 0 . 0 0 2 2
04-28-80 15 0 . 0 0 2 0 2 2 0.0016 15 0 . 0 0 2 0 70 0.0017
two e x c re to ry  f lu id s  o ccu rred  in  th e  same chem ical form, 
o r  th a t  th e  m a tr ic e s  were indeed  the  same. This p o s s i­
b i l i t y  was n o t co n s id e red  u n reasonab le  when the  norm al 
c o n c e n tra tio n s  o f th e  m ajor components o f sweat and 
u r in e  were compared (T ab les  5 and 1 0 ). The com positions 
o f th e se  two f lu id s  were very  s im i la r ;  th e r e f o r e ,  i t  
would be expected  th a t  they  would decompose w ith  com­
p a ra b le  e f f ic ie n c y  when in tro d u c e d  in to  th e  a to m ize r. 
D iffe re n c e s  in  s lo p e  between s u b je c ts  may r e f l e c t  
in d iv id u a l  v a r i a b i l i t y  in  th e  p ro p o rtio n  o f th e  v a r io u s  
c o n s t i tu e n ts  o f th e  m a tr ix .
I t  was n o t p o s s ib le  to  determ ine in  what s p e c i f ic  
chem ical form cadmium was e x c re te d  in  th e  sw eat and 
u r in e .  However, i t  was su g g ested  t h a t ,  in  th o se  cases  
where the  s lo p e  o f th e  s ta n d a rd  a d d it io n  curve d i f f e r e d  
from th e  m a jo r ity  o f  sam ples, a d i f f e r e n t  combined 
form o f cadmium was b e in g  e x c re te d . I t  was p o s s ib le  t h a t ,  
in  th e se  c a s e s , some s p e c ia l  mechanism o f e x c re tio n  was 
b e in g  o b serv ed . The to x ic o lo g ic a l  s ig n i f ic a n c e  o f t h i s  
o b se rv a tio n  was unknown; d e te rm in a tio n  o f th e  ex ac t 
chem ical form o f th e  cadmium b e in g  e x c re te d  would be 
d e s ir a b le  as  th e  f i r s t  s te p  in  p o s tu la t in g  a p o s s ib le  
e x c re to ry  pathw ay.
CONCLUSIONS AND SUMMARY
1. The use o f th e  carbon bed a to m ize r to g e th e r  w ith  
sample in tro d u c t io n  on a f i l t e r  p ap er d isk  was a sim ple
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and r e l i a b l e  tech n iq u e  f o r  th e  d i r e c t  a n a ly s is  o f sweat 
sam ples. E f f i c i e n t  breakdown o f th e  sample reduced 
background a b s o rp tio n  to  an a cc e p ta b le  l e v e l .  P r e t r e a t -  
ment o f th e  sample by ash in g  o r d i lu t io n  th u s  was n o t 
re q u ire d . In  a d d i t io n ,  th e  tech n iq u e  was s u f f i c i e n t ly  
s e n s i t iv e  so th a t  no p re c o n c e n tra tio n  o f  th e  sample was 
n e c e s sa ry .
2. The average v a lu e  fo r  th e  c o n c e n tra tio n  o f cadmium 
found in  th e  sweat o f  a l l  th e  in d iv id u a ls  sampled was 
84 ppb. The s u b je c ts  sampled were members o f  th e  
u n iv e r s i ty  community and were n o t co n sid e red  to  be 
o c c u p a tio n a lly  exposed to  cadmium. The r e l a t i v e  p re c is io n  
o f th e  measurement o f cadmium in  th e  sweat was ap p ro x i­
m ate ly  2 2 %.
3. The c o n c e n tra tio n  o f cadmium in  th e  sw eat o f  an 
in d iv id u a l  v a r ie d  on a d ay -to -d ay  b a s is .  This v a r ia t io n  
was app ro x im ate ly  40-45%.
4. The approxim ate r a t e  o f  e x c re t io n  o f  cadmium through  
p e r s p i r a t io n  under c o n d itio n s  o f p ro fu se  sw eating  was 
c a lc u la te d  to  be 90 y g /h r . Under maximum sw eating  
c o n d it io n s ,  th e r e f o r e ,  th e  g r e a te s t  amount o f cadmium
th a t  would be e x c re te d  by t h i s  means would be about 2  mg/day.
5 . I f  i t  was assumed th a t  th e  com position  o f in s e n s ib le  
sweat was th e  same as  s e n s ib le  sw eat, th e  e x c re t io n  of 
cadmium th rough  in s e n s ib le  p e r s p i r a t io n  was e s tim a te d  to  
be ap p rox im ate ly  60 yg /day . The average t o t a l  cadmium
e x c re t io n  th rough th e  sw eat was e s tim a te d  to  be 1 2 0  pg /day .
6 . The c o n c e n tra tio n  o f  cadmium in  th e  sw eat was g r e a te r  
than  th a t  in  th e  u r in e  f o r  a l l  in d iv id u a ls  sam pled.
7. A g e n e ra l c o r r e la t io n  was observed  between th e  d a i ly  
f lu c tu a t io n s  in  u r in e  and sw eat cadmium le v e l s .  This 
in d ic a te d  th a t  an in c re a s e  o r d ec rease  in  cadmium 
e x c re t io n  was r e f le c te d  in  a co rrespond ing  change in  
b o th  modes o f e l im in a tio n  from th e  body.
8 . The s lo p e s  o f th e  s ta n d a rd  a d d it io n  c a l ib r a t io n  
cu rves fo r  u r in e  and sw eat an a ly se s  were very  s im ila r  
fo r  sam ples c o l le c te d  to g e th e r  from th e  same in d iv id u a l .  
This in d ic a te d  th a t  th e  m a tr ix  e f f e c t s  were s im i la r  fo r  
th e  two ty p es  o f sam ples and th a t  th e  cadmium e x c re te d  
through  th e se  f lu id s  may be in  th e  same chem ical form .
CHAPTER 4
THE DIRECT DETERMINATION OF CADMIUM IN HAIR
A. INTRODUCTION
H air has long  been co n s id e red  a m inor e x c re to ry  
t i s s u e .  H a ir  i s  reco g n ized  to  be a m e ta b o lic  end p roduct 
which in c o rp o ra te s  many e lem ents in to  i t s  s t r u c tu r e  as 
growth p ro c e e d s .13t+ The a n a ly s is  o f  t r a c e  m e ta ls  in  h a i r  
has re c e iv e d  in c re a s in g  a t t e n t io n  in  in d iv id u a l iz a t io n  
s tu d ie s  ( th e  i d e n t i f i c a t i o n  o f h a i r  as  b e in g  from a 
p a r t i c u la r  in d iv id u a l ) , 1 3 5 - 1 3 8  f o re n s ic  s c ie n c e , 1 3 8 - 1 3 8  
n u t r i t i o n a l  s tu d i e s , 1 3 9 * 1 4 0  and c l i n i c a l  d ia g n o s is . 11* 1 
G reat i n t e r e s t  a ls o  has been a ro u sed  in  th e  use o f h a i r  
as a m onito r o f  en v iro n m en ta l exposure o r  body burden 
o f c e r ta in  e le m e n ts . 1 3 4 * 1 4 2 - 1 4 5
There a re  many advan tages to  th e  use o f h a i r  as 
a sample f o r  m eta l a n a ly s is .  I t  i s  a s ta b le  sample 
which can be e a s i ly  c o l le c te d  and s to r e d .  In  a d d i t io n ,  
h a i r  i s  composed of a n e a r ly  homogeneous m a tr ix  which 
i s  e s s e n t i a l l y  c o n s ta n t betw een in d iv id u a ls .  T his 
c h a r a c t e r i s t i c  makes p o s s ib le  the a p p l ic a t io n  o f  one 
a n a ly s is  p ro ced u re  to  any h a i r  sam ple.
H a ir  i s  known to  be composed p r im a r i ly  o f f ib ro u s  
p r o te in s .  I t  i s  n o ta b le  th a t  ap p ro x im a te ly  14% o f th e  
h a i r  m a tr ix  c o n s is ts  o f  th e  amino a c id  c y s te in e . 8 3  
S ince i t  has been p roposed  th a t  cadmium i n t e r a c t s  w ith
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body p ro te in s  th rough  b in d in g  to  th e  c y s te in y l  re s id u e s  
o f the  p ro te in  m o lecu le , 3 3 - 3 6  i t  was thought th a t  h a i r  
would be a lo g ic a l  t i s s u e  to  analyze  as a p o s s ib le  
m easure o f th e  body burden o f t h i s  m e ta l. However, l i t t l e  
d a ta  have been p u b lish ed  d e f in in g  th e  norm al le v e l  of 
cadmium in  h a i r .
1. Common Methods f o r  the  D eterm ination  o f Cadmium in  H air 
S ev era l a n a ly t ic a l  tech n iq u es  have been used to  
determ ine cadmium in  h a i r .  One o f  th e  more common 
methods i s  n eu tro n  a c t iv a t io n  a n a ly s is  (NAA) . 1 3 4 - 1 3 e > 11, 6  
NAA i s  a m u ltie lem en t te c h n iq u e , and i t  has th e  a d d i t io n a l  
advantage o f a very  low s e n s i t i v i t y  fo r  many e lem en ts . 
R adiochem ical s e p a ra t io n ;  th a t  i s ,  s e p a ra t io n  o f th e  
elem ent o f i n t e r e s t  from o th e r  a c t iv a te d  ( ra d io a c t iv e )  
components o f th e  sam ple, i s  n o t always n e c e ssa ry  fo r  a 
m a trix  such as h a i r .  This i s  due to  th e  absence of many 
o f th e  e a s i ly  a c t iv a te d  in o rg a n ic  s a l t s  en co u n tered  in  
o th e r  b io lo g ic a l  m a te r ia ls .  The main d isad v an ta g es  o f 
NAA a re  th e  requ irem en t fo r  a n eu tro n  a c t iv a t io n  
so u rc e , ty p ic a l ly  a n u c le a r  r e a c to r ,  and th e  le n g th  of 
tim e o f te n  re q u ire d  f o r  a c t iv a t io n  and c o u n tin g . For 
exam ple, J e r v i s  e t  a l .  re p o r te d  an i r r a d i a t i o n  tim e o f 
20-60 h o u rs 131* fo r  th e  d e te rm in a tio n  o f heavy m eta ls  in  
h a i r ,  w h ile  O brusnik e_t a l .  d e sc rib e d  i r r a d i a t i o n  fo r  3 
days o r 24 day s , depending on th e  sample and the  elem ent 
o f i n t e r e s t . 1 3 7  The d e te rm in a tio n  o f some le s s  con-
c e n tra te d  e lem ents s t i l l  re q u ire d  rad io ch em ica l sep a ra ­
t io n s .  1 3 4
H air sam ples have a ls o  been analyzed  by methods such 
as  anodic s t r ip p in g 1 4 7  and em ission  sp e c tro sc o p y . 1 4 8  
Each o f th e se  m ethods, how ever, i s  g r e a t ly  in flu e n c e d  by 
th e  m a trix  and r e q u ire s  a sh in g  o r o x id a tio n  o f th e  
sample p r io r  to  a n a ly s is .
The most common method re p o rte d  in  th e  l i t e r a t u r e  
fo r  th e  d e te rm in a tio n  o f cadmium in  h a i r  i s  atom ic 
a b so rp tio n  sp e c tro sc o p y . 1 4 ^ “ 1 4 4 » 1 4 9  Flame atom ic a b so rp tio n  
th e  u su a l te c h n iq u e , always p receeded  by a w e t-ash in g  
o r  d ry -a sh in g  p rocedure  to  b reak  down th e  o rg an ic  
m a tr ix . Wet ash in g  p ro ced u res  ty p ic a l ly  in v o lv e  ac id  
d ig e s t io n  and e v a p o ra t io n , 1 4 4 * 1 4 9  le a d in g  to  the  
p o s s i b i l i t i e s  bo th  o f co n tam in a tio n  and lo s s .  Often 
d ry -a sh in g  p ro ced u res  c a l l  f o r  h e a tin g  in  a m uffle  
fu rn ace  fo r  s e v e ra l  hours a t  tem p era tu re s  o f  450°- 
500°C. 1 4 2  * 1 4 3  S ig n if ic a n t  lo s s e s  o f cadmium can occur 
a t  th e se  te m p e ra tu re s .
2 . A n a ly tic a l  C o n s id e ra tio n s  in  th e  D eterm ination  of 
Cadmium in  H air
a . A dsorp tion  o f Cadmium on th e  H a ir  S haft
In th e  a n a ly s is  o f h a i r  f o r  cadmium, s e v e ra l  
p o s s ib le  in f lu e n c e s  on th e  c o n c e n tra tio n  o f th e  m eta l 
must be co n s id e red . F i r s t ,  th e re  i s  th e  p o s s i b i l i t y  o f 
e x te rn a l  co n tam in a tio n  o f th e  sample from th e  en v iro n -
m ent; f o r  exam ple, a d so rp tio n  o f cadmium from shampoos 
and o th e r  h a i r  tre a tm e n ts ,  d u s t ,  and o th e r  p a r t i c u la te s  
in  th e  a i r .  Many re s e a rc h e rs  have recommended w ashing 
tech n iq u es  designed  to  remove such s u rfa c e  contam ina­
t io n  w ith o u t le a c h in g  m eta ls  from w ith in  th e  h a i r  
m a tr ix . These w ashing p ro ced u res  a re  g e n e ra lly  o f two 
ty p e s . Some a u th o rs  have recommended w ashing in  an 
o rg a n ic  s o lv e n t ,  such as d ie th y l  e t h e r , 1 3 8  a m ix tu re  
o f e th e r  and e th a n o l , 1 3 4 * 1 4 7  c h lo ro th e n e , 1 4 9  o r 
carbon t e t r a c h l o r i d e . 1 4 3  I t  has been s ta t e d  th a t  
t h i s  tre a tm e n t removed s u rfa c e  co n tam in a tio n  w ith o u t 
rem oval o f m in e ra ls  from th e  h a i r  s h a f t . 1 4 3 * 1 4 9  
Washing w ith  such o rg a n ic  s o lv e n ts  appeared  to  cause 
only  n e g l ig ib le  changes in  th e  c o n c e n tra tio n  o f cadmium 
when compared to  unwashed h a i r ,  b u t th e se  p ro ced u res  were 
s ta t e d  to  be e f f e c t iv e  in  removing o i l s ,  la c q u e rs ,  and 
o th e r  s u rfa c e  co n ta m in a n ts . 1 3 4
O ther re se a c h e rs  have su g g ested  th a t  w ashing of 
h a i r  sam ples in  a d e te rg e n t was a more s u i ta b le  p ro ­
ced u re . 142» 145» 1 5 0  This tre a tm e n t had th e  advantage 
o f  b e in g  more s im i la r  to  a norm al w ashing p ro ced u re  which 
m ight be p r a c t ic e d  by p e rso n s  d o n a tin g  h a i r  sam ples; 
d if f e r e n c e s  betw een p re v io u s  sample tre a tm e n ts  were th u s  
m inim ized by s u b je c tin g  a l l  h a i r  sam ples to  a s im i la r  
wash. D ete rg en t w ashing was observed  to  d ec rease  th e  
c o n c e n tra tio n s  o f i ro n  and magnesium in  th e  h a i r . 1 5 0
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There were some w orkers who employed com binations 
o f  th e  o rg an ic  so lv e n t and d e te rg e n t tre a tm e n ts  p r io r  to  
a n a ly s is .  1 5 1
Nishiyam a and Nordberg conducted experim en ts  which 
in d ic a te d  th e  e x te n t o f  p o s s ib le  a d so rp tio n  o f cadmium 
by th e  h a i r  s h a f t . 1 5 2  Using r a d io a c t iv e  1 0 9 Cd, i t  
was shown th a t  a d so rp tio n  o f th e  m eta l from an aqueous 
s o lu t io n  v a r ie d  g r e a t ly  between in d iv id u a ls  and was 
pH -dependent. A f te r  a d s o rp tio n , i t  was d i f f i c u l t  to  
remove th e  cadmium from the  h a i r ;  1.0N HNO3 was found 
to  be th e  b e s t  agen t fo r  rem oval. These re s e a rc h e rs  
a lso  s tu d ie d  th e  up take o f in je c te d  109Cd in to  th e  h a i r  
m a tr ix ; th e  cadmium d e te c te d  in  th e  h a i r  was term ed 
endogenous cadmium. I t  was found th a t  1.0N HNO3 
a ls o  removed endogenous cadmium from th e  h a i r . 1 5 2
b . V a r ia tio n s  in  th e  C o n ce n tra tio n  o f Cadmium in  
H a ir
The second p o s s ib le  in f lu e n c e  on th e  con­
c e n t r a t io n  o f cadmium in  th e  h a i r  i s  a re p o r te d  
v a r i a t io n  between in d iv id u a ls  under th e  same exposure 
c o n d it io n s .  Such in d iv id u a l  d i f f e r e n c e s  in  th e  adsorp ­
t io n  and e x c re t io n  o f  cadmium through  th e  h a i r  could  
l im i t  th e  u s e fu ln e s s  o f h a i r  a n a ly s is  as  a  m o n ito r o f  
en v iro n m en ta l ex p o su re . llf3» l l t 5 » 1 5 3  S tu d ie s  have been 
p u b lish e d  which i l l u s t r a t e  an in c re a s e  in  Cd c o n cen tra ­
t io n  in  th e  h a i r  w ith  age, th e  e x a c t p r o f i l e  o f
which v a r ie d  w ith  s e x .11+1* O ther a u th o rs  have re p o rte d  
a  d ec rease  in  cadmium c o n c e n tra tio n  w ith  age in  fem ales 
and a la rg e  v a r ia t io n  acco rd in g  to  c o lo r  o f  h a i r . 1 4 3  
K ello  and K o s t ia l  re p o r te d  an in c re a se d  c o n c e n tra tio n  o f 
Cd in  th e  h a i r  o f young mice as opposed to  o ld e r  m ice . 11*5 
Such s tu d ie s  in d ic a te d  th a t  th e  use o f h a i r  as a m onito r 
o f in d iv id u a l  body burden o r exposure to  Cd must be made 
w ith  c a u tio n .
On the  o th e r  hand , i t  appeared  th a t  h a i r  a n a ly s is  
m ight be used  as a g e n e ra l in d ic a to r  o f exposed and 
nonexposed p o p u la t io n s . 1 3 4 » 11+2» 1 5 3  N ordberg and Nishiyama 
re p o r te d  experim en ts  w ith  mice in  which th e  up take of 
109Cd in  h a i r  had a h ig h  c o r r e la t io n  w ith  th e  whole 
body c o n c e n tra tio n  o f  the m e ta l . 1 5 3  Cadmium in  th e  
b lo o d , how ever, d ec reased  much more r a p id ly  than  th e  
whole body c o n c e n tra t io n , in d ic a t in g  th a t  b lood  was a 
poor in d ic a to r  o f  body accu m u la tio n . The a u th o rs  
ad m itted  th a t  th e  a p p l ic a t io n  o f th e se  r e s u l t s  to  
humans m ight be made d i f f i c u l t  by d i f f e r in g  a f f i n i t i e s  
f o r  cadmium betw een in d iv id u a ls  based  on ag e , se x , and 
env ironm en ta l c o n ta m in a tio n . 1 5 3  Subsequent work by 
O le ru 11*2  and J e r v i s  e £  a l . 131* showed s ig n i f i c a n t ly  
in c re a se d  cadmium c o n c e n tra tio n s  in  h a i r  sam ples from 
o c c u p a tio n a lly  o r  en v iro n m e n ta lly  exposed groups as 
opposed to  nonexposed g ro u p s. O leru  a ls o  re p o r te d  a 
p o s i t iv e  c o r r e la t io n  betw een th e  c o n c e n tra tio n  o f
cadmium in  th e  h a i r  and th a t  in  k idney  and l i v e r  t i s s u e  
in  humans. 1 1 ,2  These f in d in g s  su p p o rted  th e  use o f 
cadmium le v e ls  in  h a i r  as an in d ic a to r  o f exposure 
and body accum ulation  o f  cadmium in  man.
The in t e r p r e t a t i o n  o f d a ta  concern ing  cadmium in  th e  
h a i r  was f u r th e r  com plicated  by th e  f a c t  th a t  v a r ia t io n s  
were found betw een s in g le  h a i r s  taken  from th e  same 
head and even among segm ents o f th e  same h a i r  s t r a n d . 1 3 6 * 1 3 7  
These v a r ia t io n s  d i f f e r e d  betw een e lem ents and among 
in d iv id u a ls  f o r  th e  same e lem en t. I t  was re p o r te d  in  
g e n e ra l th a t  th e  c o n c e n tra tio n  o f e lem en ts in c re a se d  from 
th e  sc a lp  tow ard th e  end o f th e  h a i r  s t r a n d . 1 3 7
These numerous v a r ia t io n s  were th e  source  of much 
co n fu sio n  over th e  s ig n if ic a n c e  o f h a i r  cadmium d a ta .
No s tu d y  was found which e s ta b l is h e d  a g e n e ra l range 
o f cadmium c o n c e n tra tio n s  fo r  an unexposed p o p u la tio n .
A lso , no d a ta  were found comparing cadmium c o n c e n tra tio n s  
in  h a i r  to  th a t  in  o th e r  e x c re to ry  t i s s u e s  such as u r in e  
and sw eat. I t  was th e  purpose o f t h i s  p o r t io n  o f t h i s  
re se a rc h  to  s tu d y  th e  c o n c e n tra tio n  o f cadmium in  th e  
h a i r  u s in g  th e  p re v io u s ly  d e sc rib e d  q u a r tz  "T" a to m ize r 
f o r  e le c tro th e rm a l a tom ic a b so rp tio n  sp e c tro sc o p y . The 
in d iv id u a ls  sampled were members o f  th e  u n iv e r s i ty  
community and were n o t o c c u p a tio n a lly  exposed to  cadmium.
EXPERIMENTAL
1. Equipment
The equipment u t i l i z e d  in  th e  a n a ly s is  o f  h a i r  
samples was i d e n t i c a l  to  t h a t  used f o r  th e  p re v io u s ly  
d isc u sse d  b i o l o g i c a l  m a te r ia l s .  A l l  components of the  
atom ic a b s o rp t io n  spec tropho tom ete r  were unchanged.
Due to  th e  f a c t  t h a t  h a i r  was a s o l i d  m a te r ia l ,  f i l t e r  
paper  d isk s  were n o t needed f o r  sample in t ro d u c t io n .
The only a d d i t i o n a l  item s used f o r  h a i r  a n a ly s i s  were 
a ra z o r  b lade  fo r  c u t t i n g  s e c t io n s  o f  a h a i r  s t r a n d  and 
a r u l e r  f o r  m easuring the  le n g th s  o f  th e se  s e c t io n s .
2. Procedure
a . Sampling Techniques
Most samples were c o l l e c te d  du ring  normal 
grooming. H a ir  s t r a n d s  which were removed by b ru sh in g  
im m ediately  a f t e r  a shampoo were c o l l e c t e d  and t r a n s ­
p o r te d  to  th e  l a b o ra to ry  in  c lean  enve lopes .  Some 
samples were o b ta in e d  by p lu ck in g  a h a i r  s t r a n d  
d i r e c t l y  from th e  head . Only those  h a i r s  which had a 
v i s i b l e  and d i s c e m a b le  ro o t  te rm inus were ana lyzed .
H a ir  samples were r in s e d  s e v e ra l  t im es w ith  d e io n ized  
w a te r  to  remove dus t  and su r fa c e  con tam ina tion . Some 
samples were p re v io u s ly  r in s e d  in  ace tone  o r  in  a 
d e te rg e n t  s o lu t io n  to  a llow  comparison o f  th e se  washing 
p ro c e d u re s .  A ll  equipment which would come in  c o n ta c t  
w ith  th e  h a i r  was c lean ed  w ith  10% HNO3 ; h a n d l in g  o f  th e
h a i r  s t r a n d s  was done us ing  c leaned  tw eeze rs .
The s t r a n d s  o f  h a i r  were cut in to  1-cm segments 
u s ing  a r a z o r  b la d e .  These segments were then weighed 
to  the  n e a r e s t  0 .01  mg u s ing  a M e t t le r  H-10 a n a l y t i c a l  
b a la n c e .  A 1-cm segment o f  h a i r  was taken  f o r  a n a ly s is  
because t h i s  amount o f  sample produced an a b so rp t io n  
s ig n a l  o f  moderate i n t e n s i t y .  The average ab so rp t io n  
s ig n a l  reco rded  was approx im ate ly  30%, a lthough  h a i r  
segments from some s u b je c ts  g en e ra te d  a s ig n a l  o f over 
95% a b s o rp t io n .
A n a ly s is  was accom plished by simply dropping the  
p ie c e  o f h a i r  d i r e c t l y  onto the s u r fa c e  o f th e  carbon 
bed. No sample in t ro d u c t io n  v e h ic le  was n e c e s sa ry ;  
thus  th e r e  was no sample b lan k .  Resonance a b so rp t io n
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was reco rded  us ing  th e  cadmium resonance l i n e  a t  2288A. 
M olecular background was m onitored  a t  2266X.
b . C a l ib r a t io n  P rocedures
C a l ib r a t io n  was c a r r i e d  out u s in g  aqueous 
cadmium s ta n d a rd s .  S tandards  over the  range o f 5 to  
50 ppb were in tro d u c e d  in to  the  a to m ize r  by d i r e c t l y  
i n j e c t i n g  a 5 -y l  a l i q u o t  u s in g  an Eppendorf p i p e t t e .  
I n je c t io n  of th e se  s ta n d a rd s  corresponded to  an 
in t ro d u c t io n  of from 2.5 x 10“ 5 to  2 .5  x 10-1* yg o f 
cadmium. The absorbance o f  a 5 - y l  i n j e c t i o n  o f  d i s t i l l e d ,  
d e io n ized  w a te r  was s u b t r a c te d  as a b lan k  from the  
resonance absorbance o f  each s ta n d a rd  s o lu t i o n .
Standards  were made up f r e s h  every  two to  th r e e  days 
from a CdSOi* s to c k  s o lu t io n  o f  1000 ppm. The f l a s k s  
and p i p e t t e s  used f o r  d i l u t i o n s  o f  th e  s ta n d a rd s ,  as 
w e l l  as th e  c o n ta in e r s  in  which they  were s to r e d ,  were 
p r e - e q u i l i b r a t e d  w ith  s o lu t io n s  o f th e  c o n c e n tra t io n s  
they  were to  c o n ta in .  F lask s  and p i p e t t e s  were used 
r o u t in e ly  fo r  a s in g le  s ta n d a rd  c o n c e n tra t io n .
RESULTS
T y p ica l  a b s o rp t io n  t r a c e s  fo r  s e v e ra l  1-cm h a i r  
segments, i l l u s t r a t i n g  bo th  resonance a b s o rp t io n  and 
m olecu la r  background, a re  p re se n te d  in  F igure  23. I t  
can be seen t h a t  th e r e  was no s i g n i f i c a n t  a b so rp t io n  o f 
the  non-resonance  l i n e ,  i n d i c a t i n g  complete d eg rad a t io n  
o f  the  sample m a tr ix .  Aqueous s ta n d a rd s  th e r e fo r e  
could  be used fo r  c a l i b r a t i o n  p u rp o ses .  This was a 
d i s t i n c t  advantage o f  th e  a n a l y t i c a l  tech n iq u e  because 
o f  th e  d i f f i c u l t y  found in  o th e r  tech n iq u es  in  p re p a r in g  
s ta n d a rd s  t h a t  were r e p r e s e n ta t iv e  o f  th e  h a i r  m a t r ix . 1 5 4
1. V a r ia t io n  in  Cadmium C o n ce n tra t io n  Along th e  H air  
S trand
Perhaps th e  most s i g n i f i c a n t  t r e n d  observed in  
t h i s  r e s e a rc h  was th e  f a c t  t h a t  th e  c o n c e n t ra t io n  o f 
cadmium in  th e  h a i r  v a r ie d  along  th e  le n g th  o f  th e  h a i r  
s t r a n d .  Since only  1 cm o f  h a i r  was taken  f o r  a n a l y s i s ,  
t h i s  v a r i a t i o n  was e a s i l y  dem onstra ted .
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FIGURE 23
T y p ica l  a b s o rp t io n  s ig n a l s  o b ta in e d  fo r  1-cm segments o f  human h a i r .
40-
END
SEGMENTS
3 0 -
20+ ROOT
SEGMENTS
10-
1
sample
introduction
points
11 jl ll
(a ) Resonance absorption
(2288 A).
(b) Background (2266 A ) .
Figure  24 i l l u s t r a t e s  th e  change in  cadmium con­
c e n t r a t i o n  a long  the  le n g th  o f  one p a r t i c u l a r  h a i r  s t r a n d .  
I t  can be seen t h a t  th e  c o n c e n tra t io n  o f  cadmium a t  th e  
end o f th e  h a i r  was s i g n i f i c a n t l y  h ig h e r  than  t h a t  a t  
the  ro o t .  The f a c t  t h a t  t h i s  was a g e n e ra l  t r e n d  i s  
i l l u s t r a t e d  in  F igu re  25, which r e p re s e n t s  a composite 
o f  an a ly se s  o f  s e v e ra l  h a i r  s t r a n d s  from th e  same 
i n d iv id u a l .  Six co n secu tiv e  1-cm segments were cut 
f o r  a n a ly s i s ,  b eg in n in g  a t  th e  ro o t  te rm inus  o f  each h a i r  
s t r a n d .  C orrespond ing ly ,  6  segments were analyzed  from 
the  end o f  each s t r a n d .  The average s t r a n d  le n g th  
was 2 0  cm.
I t  was e v id e n t  t h a t  the  cadmium c o n c e n t r a t io n  found 
in  h a i r  was g r e a t l y  dependent on th e  s e c t io n  o f  th e  h a i r  
s t r a n d  taken f o r  a n a ly s i s .  The c o n c e n tra t io n  in  th e  
case i l l u s t r a t e d  in  F igu re  25, in  f a c t ,  v a r ie d  by a 
f a c t o r  o f ten  between th e  1 -cm segment n e a r e s t  th e  ro o t  
( [Cd] = 0 . 4  ppm) and th e  1-cm segment n e a r e s t  th e  end 
( [Cd] = 4 ppm).
2. V a r ia t io n  in  Cadmium C o n ce n tra t io n  Between H air  
S tran d s  from an I n d iv id u a l
In  a d d i t io n  to  th e  v a r i a t i o n  in  cadmium con­
c e n t r a t i o n  a long  a g iven  h a i r  s t r a n d ,  i t  was found th a t  
th e  c o n c e n t ra t io n  o f  th e  m eta l  v a r ie d  s l i g h t l y  f o r  
d i f f e r e n t  h a i r  s t r a n d s  from one in d iv id u a l .  To dem onstra te  
t h i s ,  many h a i r s  from th e  same in d iv id u a l  were ana lyzed
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This f ig u r e  shows the  change in  cadmium c o n c e n tra t io n  along the  len g th  
o f  one p a r t i c u l a r  h a i r  s t r a n d .
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This f ig u re  shows the  change in  cadmium c o n c e n t ra t io n  observed a long the  le n g th  o f  a h a i r  s tra n d .  
The d a ta  p re se n te d  h e re  r e p re s e n t  a composite o f  an a ly ses  o f  seven h a i r
s t r a n d s  from th e  same in d iv id u a l .  £
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over the course o f  s e v e ra l  weeks. The a n a ly s is  o f  each 
h a i r  in c lu d ed  th e  d e te rm in a tio n  o f  th e  cadmium co n cen tra ­
t i o n  o f  th e  1 -cm segment n e a r e s t  th e  ro o t  (d e s ig n a te d  
1-Root) and the  n ex t  1-cm segment n e a r  th e  r o o t ,  one 
cm removed from th e  ro o t  te rm inus (d e s ig n a te d  2 -R o o t) .
Also analyzed  were th e  two co rrespond ing  1-cm segments 
n e a r e s t  the end o f  each h a i r  s t r a n d  (1-End and 2-End).
The d a ta  accum ulated can be found in  Table 18. I t  
can be seen th a t  a l though  th e r e  was s i g n i f i c a n t  
v a r i a t i o n  between h a i r  s t r a n d s ,  th e  average co n cen tra ­
t i o n  o f  cadmium a t  th e  end o f  th e  h a i r  (1 .9  ppm) was 
g r e a t e r  than  th e  average c o n c e n tra t io n  a t  th e  ro o t  
(0 . A ppm).
The c a lc u la t e d  s ta n d a rd  d e v ia t io n  from th e  mean 
has been p re se n te d  as  an i n d i c a t io n  o f  th e  v a r i a t i o n  
in  th e  c o n c e n tra t io n  o f cadmium determ ined f o r  the  
in d iv id u a l  segments w i th in  each group. I t  can be observed 
t h a t ,  on th e  averag e , the  r e l a t i v e  s ta n d a rd  d e v ia t io n  
f o r  a group o f  measurements was approx im ate ly  50%.
I t  must be em phasized, however, t h a t  th e  s ta n d a rd  dev ia ­
t io n  has been used h e re  only as an i n d i c a t io n  o f  v a r i a ­
t i o n  between sam ples, n o t  as  a measure o f in d e te rm in a te  
e r r o r .  S in ce , in  f a c t ,  each sample segment analyzed  
was d i s t i n c t  and d i f f e r e n t ,  th e  v a r i a t i o n  between segments 
was n o t  due s o le ly  to  random e r r o r .  A lso , no t r u e  
v a lue  fo r  th e  c o n c e n tra t io n  o f  cadmium in  1  cm of h a i r
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Table 18
VALUES OBTAINED FOR ANALYSIS OF SEVERAL HAIR STRANDS
FROM ONE INDIVIDUAL
Cone. Cd f o r  1-cm Segments (ppm)
1-Root 2-Root 1-End 2
0 .4  0 .3  2 .8
0 .4  0 .6  3.9
0 .5  0 .8  2 .7
0 .2  0 .3  2 .8
0.5  1 .1  3 .4
0 .6  0 .9  1 .4
0.6  0 . 1  1.2
0.6  0.6  2.0
0 .4  0 .8  1 .0
0 .5  0 .6  0 .9
0 .2  0 .8  0 .7
0 .6  0 .6  1 .7
0 .3  1 .1  0 .6
0 .6  0 .4  1 .4
0 .3  0 .6  2 .8
0 .3  0 .1  0 .6
0 .3  0 .1
0 . 1  0 . 1
0 .4  0 .3
0 . 2  0 .1
n = 2 0  2 0  16
mean = 0 .4  0 .5  1.9
a ® 0 .2  0 .3  1 .1
range = 0 . 1 - 0 . 6  0 .1 - 1 .1  0 .6 - 3 .9  0.
-End
1.3
3.3  
1.6  
1.6
1.4
1.5 
0 .9
3.0
1.1 
1.1 
1.2  
1.1 
1.2  
0. 6
1.6  
1 .3  
1 .5
.5
18
1.4
'.7
- 3 .3
was known. The v a r i a t i o n  seen , th e r e f o r e ,  was n o t a 
measure o f  th e  p r e c i s io n  o f the  method.
U n fo r tu n a te ly ,  no measurement o f  random e r r o r  
( s h o r t - te rm  p r e c i s io n )  was p o s s ib le  in  th e  a n a ly s is  
o f  h a i r  due to  the  f a c t  t h a t  each h a i r  segment could  be 
analyzed  only once. The p r e c i s io n  in  the  measurement 
o f  the a b so rp t io n  s ig n a l  of aqueous s ta n d a rd s  was 
measured and was found to  be from 1 - 2 %, depending on the 
c o n c e n tra t io n  o f  the  s ta n d a rd .  This re p re s e n te d  th e  
b e s t  p o s s ib le  p r e c i s io n  of th e  method. The p r e c i s io n  
in  the a n a ly s is  o f  h a i r  sam ples, of c o u rse ,  was 
expec ted  to  be l e s s  than t h i s  v a lu e .  The g r e a t e s t  
e r r o r  in  the d e te rm in a tio n  o f  cadmium in  h a i r  was 
in tro d u ce d  in  the w eighing  o f the  1 -cm h a i r  segment 
taken  fo r  a n a ly s i s .  The a n a l y t i c a l  b a lan ce  used was 
capab le  of w eight measurement to the  n e a r e s t  0 . 0 1  mg.
A 1-cm segment o f  h a i r  g e n e ra l ly  weighed between 0.05 
and 0 . 1 0  mg; the  p r e c i s io n  o f the  weighing s te p  was 
th e r e fo re  between 1 0 - 2 0 %.
I t  should  be n o ted  t h a t  in  the  course  o f  th ese  
a n a ly s e s ,  a few v a lu es  were o b ta in ed  which were obv iously  
sp u r io u s  and so were d is re g a rd e d  in  the  c a l c u l a t i o n  o f 
the mean.
3. Range o f Cadmium C o n ce n tra t io n  in  th e  H a ir  o f 
I n d iv id u a ls  in  a  Non-Exposed P o p u la t io n
H air  from s e v e r a l  in d iv id u a l s  was analyzed  in
o rd e r  to  determ ine th e  expec ted  range o f cadmium 
c o n c e n tra t io n  in  the h a i r  f o r  a  non-exposed p o p u la t io n .  
The sampling group in c lu d e d  bo th  males and females 
from the  u n iv e r s i t y  p o p u la t io n  i n  Baton Rouge. Many 
d i f f e r e n t  ages were r e p re s e n te d  w i th in  the  approximate 
range o f 18-60 y e a r s ;  however, most in d iv id u a l s  
sampled were w i th in  the  20-30 y e a r  age group.
Again, fo u r  1-cm segments of each h a i r  s t r a n d  were 
analyzed  f o r  cadmium, the  two 1 -cm segments n e a r e s t  
th e  ro o t  and the  two n e a r e s t  th e  end of each s t r a n d .  
Segments 1-Root and 2-Root (see  page 175) were then 
averaged to  o b ta in  a  measure o f the  cadmium co n cen tra ­
t io n  a t  th e  ro o t  fo r  each in d iv id u a l ;  l ik e w is e ,  
segments 1-End and 2-End were averaged to  o b ta in  the  
c o n c e n tra t io n  a t  th e  h a i r  end. The r e s u l t i n g  d a ta  
can be found in  Table 19.
Once a g a in ,  i t  was observed th a t  in  n e a r ly  a l l  
c a ses  the  average c o n c e n t ra t io n  o f cadmium a t  the  end 
of the  h a i r  was h ig h e r  than th e  average c o n c e n tra t io n  
a t  the ro o t .  In  a d d i t i o n ,  a p o s i t i v e  c o r r e l a t i o n  seemed 
to  emerge between th e  average c o n c e n tra t io n  o f  cadmium 
a t  the  end o f th e  h a i r  s t r a n d  and th e  t o t a l  le n g th  
o f the  s t r a n d .  This c o r r e l a t i o n  i s  i l l u s t r a t e d  in  
F igure  26. I t  can be observed  t h a t  th e  cadmium con­
c e n t r a t i o n  a t  the  end o f th e  h a i r  s t r a n d  i s  g e n e ra l ly  
r e l a t e d  to  the  o v e r a l l  le n g th .
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Table 19
CONCENTRATION OF CADMIUM IN THE HAIR OF INDIVIDUALS IN A NON-EXPOSED POPULATION
Males Females
S trand  Avg. [Cd] Avg. [Cd] S trand  Avg. [Cd] Avg. [Cd]
Length(cm) a t  End(ppm) a t  Root(ppm) Sample Length(cm) a t  End(ppm) a t  Root(ppm)
10 0 .6  0 .2  21 20 1 .4  0 .5
8  0 .9  0 .7  22 25 3 .1  0 .6
9 0 .3  0 .2  23 30 6 .3  0 .7
14 2 .4  0 .7  24 14 0 .3  0 .2
8  0 .2  0 .2  25 18 0 .9  0 .2
13 0 .5  0 .2  26 17 0 .8  0 .5
4 0 . 6  1 .0  27 36 4 .0  0 .3
9 0 .5  0 .6  28 55 2 .7  0 .1
9 0 .4  0 .2  29 50 9 .4  0 .3
9 0 .8  0 .2  30 28 2 .0  0 .3
9 0 .2  0 .1  31 50 2 .8  0 .3
9 0 .2  0 .1  32 26 1 .0  0 .3
9 0 .3  0 .2  33 25 0 .9  0 .2
10 0 .3  0 .2  34 9 0 .5  0 .3
8  0 .3  0 .3  35 16 1 .3  0 .2
11 0 .5  0 .3  36 14 1 .2  0 .2
7 2 .8  1 .3  37 17 0 .7  0 .2
8  0 .6  0 .1  38 15 1.6 0.6
10 0 .2  0 .3  39 23 2 .5  0 .2
10 0 .4  0 .3  40 18 1 .2  0 .2
« ,  0 .37 = A „  9  0 0 .32  s0 .6  0  4  Avgs. 25 2 .2  Q > 3
O v era l l  avg. [Cd] a t  Root = 0 .34  ppm = 0 . 3  ppm
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FIGURE 26
This f ig u r e  shows th e  c o r r e l a t i o n  between the  c o n c e n t ra t io n  o f  cadmium a t  the  end o f  the 
h a i r  s t r a n d  and the  t o t a l  le n g th  o f  th e  s t r a n d .
:• »• •'•r.
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S ev era l  s tu d ie s  had in d ic a te d  th a t  th e  accum ulation  
o f  heavy m e ta ls  in  th e  h a i r  v a r ie d  w ith  s e x . 11 +3 » 1114 
The d a ta  in  Table 19 have been s e p a ra te d  in to  male and 
female groups in  o rd e r  to  determ ine w hether a d i f f e r e n c e  
in  cadmium c o n c e n tra t io n  could be observed . As 
in d ic a te d  in  Table 19, the o v e r a l l  average co n cen tra ­
t io n  o f  cadmium a t  the  ro o t  fo r  the  two groups was 
n e a r ly  i d e n t i c a l .  The o v e r a l l  average c o n c e n tra t io n  
a t  the  end o f  th e  h a i r  s t r a n d ,  however, d i f f e r e d  by 
approx im ate ly  a f a c t o r  o f  3 between the  group o f males 
(average [Cd] = 0 . 6  ppm, o r approxim ate ly  3 x 10~ 5 yg Cd/ 
cm h a i r )  and fem ales (average [Cd] = 2 .2  ppm o r  about
1 x 10“ ** yg Cd/cm h a i r ) .  The average in c re a s e  in
cadmium c o n c e n t ra t io n  p e r  u n i t  le n g th  (from th e  ro o t  
to  the end o f th e  h a i r )  was c a lc u la te d  i n  o rd e r  to  
determ ine w hether t h i s  u n i t  in c re a s e  was the  same f o r  
males and fem ales .  The r e s u l t i n g  d a ta  a re  p re se n te d  in  
Table 20. I t  can be seen th a t  the average in c re a s e  in  
cadmium c o n c e n t ra t io n  over the h a i r  s t r a n d  was 0 .04 
ppm/cm f o r  males and 0 .07  ppm/cm f o r  fem ales .  This 
co rresponds to  an average in c re a s e  o f  approx im ate ly
2 x 10" 6 yg Cd/cm o f  h a i r  f o r  males and about 4 x 10“ 6
yg Cd/cm o f  h a i r  f o r  fem ales .
The o v e r a l l  average c o n c e n tra t io n  o f  cadmium a t  
the  ro o t  o f  the  h a i r  f o r  the  t o t a l  p o p u la t io n  t e s t e d  was 
c a lc u la te d  to  be 0 .3  ppm, o r  about 2 x 10“ 5 yg o f
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Table 20
CHANGE IN CADMIUM CONCENTRATION PER UNIT LENGTH OF HAIR
Males
A[Cd] Between A[Cd](ppm)
Root & End(ppm) cm Sample
0 .4 0.04 2 1
0 . 2 0 . 0 2 2 2
0 . 1 0 . 0 1 23
1 .7 0 . 1 24
0 . 0 0 . 0 25
0 .3 0 . 0 2 26
- 0 .4 - 0 . 1 27
- 0 . 1 - 0 . 0 1 28
0 . 2 0 . 0 2 29
0 . 6 0.07 30
0 . 1 0 . 0 1 31
0 . 1 0 . 0 1 32
0 . 1 0 . 0 1 33
0 . 1 0 . 0 1 34
0 . 0 0 . 0 35
0 . 2 0 . 0 2 36
1.5 0 . 2 37
0 .5 0.06 38
- 0 . 1 - 0 . 0 1 39
0 . 1 0 . 0 1 40
0 .4 0.04 Avgs
Females
S trand  A[Cd] Between A[Cd](ppm)
Length(cm) Root & End(ppm) cm
2 0 0.9 0.04
25 2.5 0 . 1
30 5.6 0 . 2
14 0 . 1 0.007
18 0 .7 0 .04
17 0 .3 0 . 0 2
36 3.7 0 . 1
55 2 . 6 0.05
50 9.1 0 . 2
28 1.7 0 .06
50 2.5 0.05
26 0 .7 0 .03
25 0.7 0 .0 3
9 0 . 2 0 . 0 2
16 1 . 1 0 .07
14 1 . 0 0.07
17 0 .5 0.03
15 1 . 0 0.07
23 2 .3 0 . 1
18 1 . 0 0.06
25 1.9 0 .07
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cadmium p er  cm of h a i r .  F igure 27 i l l u s t r a t e s  th e  
d i s t r i b u t i o n  o f  cadmium c o n c e n tra t io n  found a t  th e  ro o t  
o f  th e  h a i r  o f  males and fem ales.
4. The E f f e c t  o f  Washing P rocedures  on th e  C o n cen tra tio n  
o f  Cadmium in  H air
As d isc u sse d  in  th e  i n t ro d u c t io n ,  i t  had been 
r e p o r te d  t h a t  v a r io u s  washing p rocedures  fo r  h a i r  samples 
p r i o r  to  a n a ly s is  could a f f e c t  th e  c o n c e n tra t io n  o f  some 
m e ta ls  both  on the s u r fa c e  and w i th in  the  h a i r  s h a f t .
A s tudy  was undertaken  to  determ ine i f  washing w ith  an 
o rg an ic  so lv e n t  (such as ace tone) o r  w ith  a d e te rg e n t  
would a f f e c t  th e  amount o f  cadmium found in  the  h a i r  
s t r a n d .  In  one exper im en t,  s e v e ra l  s t r a n d s  o f h a i r  
were r in s e d  in  ace tone  follow ed by d i s t i l l e d - d e i o n i z e d  
w a te r  w hile  a p a r a l l e l  sample o f  h a i r  from th e  same 
in d iv id u a l  was r in s e d  in  d i s t i l l e d - d e i o n i z e d  w ate r  
on ly . Both samples were analyzed  c o n se c u t iv e ly .  The 
r e s u l t s  a re  p re se n te d  in  Table 21. No s i g n i f i c a n t  
d i f f e r e n c e  can be seen between the  two sample groups. 
Although the c o n c e n tra t io n  o f  cadmium found in  the  h a i r  
t h a t  had been r in s e d  w ith  ace tone  was s l i g h t l y  h ig h e r  
than th a t  fo r  the  h a i r  r in s e d  only in  w a te r ,  these  
sm all d i f f e r e n c e s  were co n s id e red  to  be w i th in  expected  
ex p er im en ta l  v a r i a t i o n .
A s im i l a r  experim ent was perform ed whereby one 
sample of h a i r  was washed w ith  an a n io n ic  d e te rg e n t ,
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FIGURE 27
This f ig u re  shows the  d i s t r i b u t i o n  o f the  cadmium c o n c e n t r a t io n  found a t  the  ro o t  o f  the  h a i r
f o r  both males and fem ales.
0 Moles
1 Females
I i
0 2  0 4  0.6 0 8  IjO 12
AVG. CONC. OF Cd AT ROOT OF HAIR STRAND (ppm)
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Table 21
EFFECT OF WASHING PROCEDURES ON THE CONCENTRATION 
OF CADMIUM IN HAIR
Acetone v s .  D is t i l l e d - D e io n iz e d  Water
Waehing Avg. [Cd] f o r  1-cm Segments (ppm)
Procedure 1-Root 2-Root 1-End 2-End
a c e to n e ,  then 0 . 3 0  0 . 4 3  0 .80
p u r i f i e d  H2 O 1.10
p u r i f i e d  H2 O only  0 .24  0 .3 8  0 .75 0 .98
Table 22
EFFECT OF WASHING PROCEDURES ON THE CONCENTRATION 
OF CADMIUM IN HAIR
D etergen t v s .  D i s t i l l e d - D e io n iz e d  Water
Washing Avg. [Cd] f o r  1-cm Segments (ppm)
Procedure  1-Root 2-Root 1-End 2-End
d e te r g e n t ,  then  Q 1() 0  2 2  1<3g 1 > 4 6
p u r i f i e d  H2 O
p u r i f i e d  H2 O only  0 .0 4  0 .09  0 .85 1.00
fo llow ed  by r in s in g  in  d i s t i l l e d - d e i o n i z e d  w a te r ,  w h ile  
a p a r a l l e l  sample was r in s e d  only in  d i s t i l l e d - d e i o n i z e d  
w a te r .  The r e s u l t s  can be found in  Table 22. I t  was 
observed  t h a t  the  c o n c e n tra t io n  o f  cadmium in  th e  h a i r  
washed w ith  d e te rg e n t  was s i g n i f i c a n t l y  h ig h e r  than  
t h a t  o f  th e  h a i r  r in s e d  only in  d i s t i l l e d - d e i o n i z e d  
w a te r ,  i n d i c a t i n g  con tam ina tion  o f  the  sample during  
the  washing p ro ced u re .
5 . The C o n ce n tra t io n  o f  Cadmium in  Shampoo
The s tu d ie s  d e sc r ib e d  above showed t h a t  con­
tam in a tio n  o f  h a i r  samples was p o s s ib le  d u r in g  t re a tm e n t  
w ith  d e te r g e n t s .  I t  a lso  had been co n s id e red  th a t  
c o n ta c t  w ith  shampoos and o th e r  h a i r  t re a tm e n ts  could  
account f o r  a p o r t io n  o f the  en v iro n m e n ta lly  absorbed 
cadmium d e te c te d  n e a r  th e  end o f th e  h a i r  s t r a n d .  In 
view o f  th e se  f a c t s ,  i t  was d e s i r a b le  to  determ ine 
th e  approxim ate c o n c e n t r a t io n  o f  cadmium in  shampoo.
A shampoo s o lu t i o n  was p rep a red  u s in g  a weighed 
amount o f a r e p r e s e n t a t i v e  commercial shampoo (no t a 
d a n d ru ff  shampoo) in  10 ml o f  w a te r .  This s o lu t io n  
was found to  c o n ta in  a cadmium c o n c e n t r a t io n  o f  2 .7  ppb. 
B a c k -c a lc u la t io n  to  th e  o r i g i n a l  amount o f  shampoo 
in  the  s o lu t io n  y ie ld e d  a c o n c e n t ra t io n  o f  0 .1 7  yg 
o f  cadmium p e r  gram o f  shampoo (0 .17  ppm).
DISCUSSION
1. Advantages o f th e  Use o f  the  Quartz "T" Atomizer 
f o r  the  D ete rm ina tion  o f  Cadmium i n  H air
Use o f th e  q u a r tz  "T" a tom izer  fo r  e l e c t r o ­
therm al atom ic a b s o rp t io n  in  th e  d e te rm in a tio n  o f cadmium 
in  h a i r  o f f e r e d  s e v e ra l  advantages over o th e r  techn iques  
o f  h a i r  a n a ly s i s .  F i r s t ,  no sample p re tre a tm e n t  was 
n e c e s sa ry .  The h a i r  could be analyzed d i r e c t l y  w ith o u t 
p rev io u s  a sh in g ,  s o lv a t io n ,  o r  p re c o n c e n t ra t io n .  This 
e l im in a te d  e r r o r s  due to  con tam ination  o r  l o s s  du r in g  
p re t re a tm e n t  s ta g e s .  I t  a lso  made the a n a ly s is  more 
r a p id  and more convenien t by d ec re a s in g  th e  sample 
p r e p a ra t io n  t h a t  was n e c e s sa ry .  Samples were simply 
r in s e d  and cu t in to  1 -cm segments b e fo re  be ing  dropped 
d i r e c t l y  onto the  ho t carbon bed.
The absence o f s i g n i f i c a n t  background (m olecular)  
a b s o rp t io n  made p o s s ib le  the  use o f  aqueous s ta n d a rd  
s o lu t io n s  f o r  c a l i b r a t i o n  pu rp o ses .  Since th e  h a i r  
sample was com plete ly  broken down, as dem onstra ted  by 
the  la c k  o f absorbance o f  a non-resonance l i n e  (2266&), 
a  d i r e c t  comparison could  be made between the  absorbance 
o f a h a i r  sample and the absorbance of a known amount 
o f  i n j e c t e d  cadmium. This c a l i b r a t i o n  method was both  
sim ple and co n v e n ie n t ,  and i t  e l im in a te d  th e  sev e re  
problem o f  p re p a r in g  s ta n d a rd s  w ith  a m a tr ix  comparable 
to  t h a t  o f  h a i r .
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Another d i s t i n c t  advantage o f th e  q u a r tz  "T" 
a tom izer  f o r  a n a ly s i s  of h a i r  was th e  f a c t  t h a t  the  
s e n s i t i v i t y  o f  th e  d e sc r ib e d  techn ique  was s u f f i c i e n t  
to  a llow  th e  a n a ly s is  o f  very  sm all h a i r  segm ents. This 
q u a l i t y  n o t  only decreased  the amount o f  sample needed 
fo r  a n a ly s i s ,  bu t a l s o  made p o s s ib le  the  s tudy  of 
d i f f e r e n c e s  in  the  cadmium c o n c e n tra t io n  a long the 
le n g th  o f an in d iv id u a l  h a i r  s t r a n d .  These v a r i a t io n s  
had been re p o r te d  by o th e r  r e s e a r c h e r s 1 3 7  and were con­
f irm ed by th e  s tu d ie s  d e sc r ib e d  h e re .
2. V a r ia t io n  in  Cadmium C oncen tra tion  Along the  H air  
S trand
As was d e sc r ib e d  in  th e  RESULTS s e c t io n ,  th e  
c o n c e n tra t io n  o f cadmium in  a h a i r  s t r a n d  was found to  
in c re a se  w ith  in c r e a s in g  d is ta n c e  from th e  r o o t .  This 
f a c t  had im portan t im p l ic a t io n s .
Most common methods o f  cadmium d e te rm in a tio n  in  
h a i r  used b u lk  amounts o f  h a i r .  The cadmium co n cen tra ­
t io n s  re p o r te d  th e r e fo r e  were o v e r a l l  c o n c e n t r a t io n s ,  
averag ing  n o t  only  th e  c o n c e n tra t io n  along a s t r a n d  bu t 
a l s o  th a t  f o r  s e v e ra l  s t r a n d s  o f h a i r .  I f  h a i r  
a n a ly s is  i s  to  be used as a means o f m o n ito rin g  human 
body burden a n d /o r  exposure to  cadmium and o th e r  m e ta ls ,  
i t  must be cons ide red  which s e c t io n  o f th e  h a i r  would 
r e f l e c t  most a c c u ra te ly  t h a t  cadmium a c t u a l l y  e x c re te d  
from th e  body.
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The f a c t  t h a t  cadmium c o n c e n tra t io n  in c re a se d  
toward the  end o f th e  h a i r  s t r a n d  in d ic a te d  t h a t  en v iro n ­
m ental exposure may c o n t r ib u te  s i g n i f i c a n t l y  to  the  
cadmium p re s e n t  in  th e  h a i r  as i t  grows. This h y p o th e s is  
was f u r t h e r  supported  by the  g e n e ra l  c o r r e l a t i o n  
between the  average c o n c e n tra t io n  o f  cadmium a t  th e  end 
o f  the  h a i r  s t r a n d  and th e  t o t a l  le n g th  o f th e  s t r a n d  
(F igure  26). I f  i t  was assumed th a t  th e  r a t e  o f  h a i r  
growth was co n s ta n t  between i n d iv id u a l s ,  one might 
exp ec t a l i n e a r  c o r r e l a t i o n  between th e se  two v a r i a b l e s .
The d a ta  in  Table 20 in d ic a te d  t h a t  the  in c r e a s e  
in  cadmium c o n c e n t ra t io n  p e r  u n i t  le n g th  from th e  ro o t  
to  the  end o f a h a i r  s t r a n d  d i f f e r e d  c o n s id e ra b ly  
between in d iv id u a l s .  The o v e r a l l  average fo r  t h i s  u n i t  
in c r e a s e  was s i g n i f i c a n t l y  lower f o r  males (0 .04  ppm/cm, 
o r  approx im ate ly  2 x 10-e  yg Cd/cm h a i r )  than  fo r  
fem ales (0 .07  ppm/cm, o r approx im ate ly  4 x 10“ 6  yg Cd/cm 
h a i r ) . This su g g es ted  th a t  th e re  was a d i f f e r e n c e  
between the  two groups in  th e  amount o f  cadmium adsorbed  
by the  h a i r  from th e  environm ent. The d i f f e r e n c e s  could  
be due to  s e v e ra l  f a c t o r s .
F i r s t  o f  a l l ,  i t  was p o s s ib le  t h a t  th e r e  were 
in d iv id u a l  v a r i a t i o n s  in  th e  a b i l i t y  o f  th e  h a i r  m a tr ix  
to  absorb m e ta ls .  D if fe re n c e s  in  m a tr ix  s t r u c t u r e ,  
p r o te in  c o n te n t ,  and o i l  and m o is tu re  co n ten t  were 
p o s s ib le  c h a r a c t e r i s t i c s  which could  a f f e c t  th e
exposure o f  th e  h a i r  to  e x te r n a l  cadmium through 
shampoos and o th e r  h a i r  t r e a tm e n ts .  Males and fem ales 
o f te n  have w idely  d i f f e r e n t  h a i r  ca re  h a b i t s .  There­
f o r e ,  i t  was p o s s ib le  t h a t  the  observed d i f f e r e n c e  
in  cadmium a d s o rp t io n  between th e  two groups could  be 
a t t r i b u t e d  to  grooming p r a c t i c e s  and th e  r e s u l t i n g  
exposure to  e x t e r n a l  cadmium.
I t  was a ls o  p o s s ib le  th a t  th e  a b i l i t y  o f  th e  h a i r  
m a tr ix  to  adsorb cadmium from th e  environment changed 
as the  h a i r  grew lo n g e r .  The p o r t io n  o f  a h a i r  s t r a n d  
f u r t h e r  from the  s c a lp  was o ld e r  and th in n e r .  Repeated 
washing, b ru sh in g ,  and exposure to  th e  environment 
could  change th e  r e s i s t a n c e  o f  th e  h a i r  to  e x te r n a l  
co n tam in a tio n . I t  was p o s s ib le  t h a t  th e  h a i r  s h a f t  
could  become more porous w ith  age , thus  in c r e a s in g  i t s  
a b i l i t y  to  r e t a i n  m e ta ls  from e x te r n a l  so u rc e s .  I t  was 
observed  (Table 20) t h a t  the  in c r e a s e  in  cadmium con­
c e n t r a t i o n  p e r  u n i t  l e n g th  o f  h a i r  was h ig h e r  f o r  
fem ales than  f o r  m ales . I t  was p o s s ib le  t h a t  t h i s  r e s u l t  
was p a r t i a l l y  due to  th e  g r e a t e r  tendency o f  th e  lo n g er  
h a i r  o f  fem ales to  adsorb  env ironm enta l cadmium a t  
the  ends o f th e  s t r a n d s .  In  t h i s  c a se ,  th e  in c r e a s e  in  
cadmium p e r  u n i t  le n g th  o f h a i r  would n o t  be l i n e a r  
a long  the  h a i r  s t r a n d .
The amount o f  in c r e a s e  in  cadmium c o n c e n t r a t io n  
w ith  in c re a s e d  le n g th  o f a h a i r  s t r a n d  could  th u s  be
the r e s u l t  o f  many f a c t o r s ,  In c lu d in g  in d iv id u a l  h a b i t s ,  
h a i r  s t r u c t u r e ,  and environm enta l c o n d i t io n s .
The d a ta  in d ic a te d  environm enta l c o n t r ib u t io n  
to  th e  t o t a l  cadmium p re se n t  a t  th e  end o f th e  h a i r .  
A n a ly t ic a l  tech n iq u es  which measured th e  cadmium con­
c e n t r a t i o n  fo r  th e  e n t i r e  h a i r  th e r e fo r e  would measure 
en v iro n m en ta lly  -  c o n t r ib u te d  cadmium as w e l l  as t h a t  
e x c re te d  from th e  body. R e su lts  r e p o r te d  when th e se  
methods were used would be d i f f i c u l t  to  i n t e r p r e t  and 
even m is le a d in g .  I t  was b e l ie v e d  th a t  th e  cadmium found 
in  th e  s e c t io n  o f th e  h a i r  s t r a n d  n e a r e s t  th e  ro o t  
would be most r e p r e s e n ta t iv e  o f the  cadmium e x c re te d  
from w i th in  th e  body. T h e re fo re ,  i f  h a i r  i s  to  be 
used as  a  m onitor o f  cadmium e x c r e t io n ,  only th e  s e c t io n  
o f  th e  s t r a n d  n e a r e s t  the  ro o t  (perhaps the  f i r s t  
1 - 2  cm) should be taken  fo r  a n a ly s i s .
3. V a r ia t io n  in  Cadmium C o n cen tra tio n  Between H air  
S tran d s  from An In d iv id u a l
As in d ic a te d  by th e  d a ta  in  Table 18, v a r i a t i o n  
was observed  in  th e  cadmium c o n c e n tra t io n  o f  d i f f e r e n t  
s t r a n d s  o f  h a i r  from th e  same in d iv id u a l .  These 
v a r i a t i o n s  can be a t t r i b u t e d  to  s e v e ra l  f a c t o r s .
F i r s t  o f  a l l ,  t h e r e  i s  a v a r i a t i o n  in  th e  le n g th  
and in  the  growth r a t e  o f  d i f f e r e n t  h a i r  s t r a n d s  from 
th e  same s u b je c t .  The h a i r s  taken  f o r  a n a ly s i s  were 
from d i f f e r e n t  lo c a t io n s  on th e  head; t h i s  a l s o
c o n t r ib u te d  to  d i f f e r e n c e s  in  th e  le n g th  o f in d iv id u a l  
h a i r s .  S tran d s  taken  from d i f f e r e n t  s e c t io n s  of the  
head a l s o  d i f f e r e d  somewhat in  t h i c k n e s s , o r  d iam e te r ,  
and t e x t u r e .  This f a c t  in d ic a te d  s l i g h t  v a r i a t i o n s  
in  th e  com position  o f  th e  h a i r  m a tr ix  depending on th e  
lo c a t io n  and, u l t im a te ly ,  on th e  c e l l s  r e s p o n s ib le  
f o r  th e  a c tu a l  e x c r e t io n  o f  the  p r o t e in s .  A ll  th e se  
f a c to r s  would c o n t r ib u te  to  d i f f e r e n c e s  in  the  
cadmium c o n c e n t ra t io n  determ ined f o r  th e  p a r t i c u l a r  
h a i r  s t r a n d .
O ther f a c to r s  which a f f e c t e d  th e  v a r i a t i o n  in  
th e  measurement o f  the  cadmium c o n c e n t ra t io n  were 
r e l a t e d  to  th e  method i t s e l f .  These f a c to r s  would con­
t r i b u t e  a random e r r o r  to  th e  v a r i a t i o n  a lre a d y  
p re s e n t  between h a i r  s t r a n d s ,  and could  in c r e a s e  th e  
v a r i a t i o n  o f  the  measurement bo th  o f  e x c re te d  cadmium 
and o f cadmium adsorbed  from th e  environm ent.
F i r s t  o f  a l l ,  d i f f e r e n c e s  in  tem p era tu re  and s u r fa c e  
q u a l i t y  f o r  d i f f e r e n t  s e c t io n s  o f  th e  carbon bed 
c o n t r ib u te d  some v a r i a b i l i t y  to  th e  s ig n a l s  o b ta in e d  
f o r  c o n secu tiv e  a n a ly s e s .  These inhom ogene it ies  in  
the carbon bed caused v a r i a t i o n s  in  th e  e f f i c i e n c y  
and speed o f  a to m iz a t io n  o f  s u c c e s s iv e  sam ples.
Secondly, i t  was im p o rtan t  t h a t  samples c o n ta c te d  th e  
bed in  th e  same manner each time a segment o f  h a i r  
was dropped in to  th e  a to m ize r .  This f a c t o r ,  o f  c o u rse ,
was Im poss ib le  to  c o n t r o l .  Some sam ples, in  f a c t ,  
were dropped in to  th e  a to m ize r  only to  adhere to  th e  
in n e r  w a l l  o f  th e  q u a r tz  s le e v e ,  due to  th e  h e a t ,  
and slow ly  burn and char  away. The s ig n a l  o b ta in ed  
when t h i s  o ccu rred  was merely a very  b road  d e f l e c t io n  
in  th e  b a s e l in e .
The f i n a l  l i m i t a t i o n  which c o n t r ib u te d  to  th e  
v a r i a t i o n  in  th e  measurement o f  cadmium c o n c e n tra t io n  
was th e  f a c t  t h a t  th e  1 -cm segments o f  h a i r  t h a t  were 
analyzed  were sm all and d i f f i c u l t  to  weigh. Weighing 
o f  th e  segm ents, in  o rd e r  to  determ ine c o n c e n tra t io n ,  
was perform ed on a M e t t l e r  H-10 a n a l y t i c a l  b a la n c e ,  
capable  o f w eigh t measurement to  the  n e a r e s t  0 . 0 1  mg.
Due to  th e  f a c t  t h a t  1-cm segments o f  h a i r  were 
found to  weigh between 0 .0 5 -0 .1 0  mg, a 10-20% e r r o r  
could be in t ro d u c e d  in  th e  weighing s te p .
I t  was f e l t  to  be u n d e s ir a b le  to  in c r e a s e  the  
s iz e  o f th e  segment taken  f o r  a n a ly s i s  fo r  two re a so n s .  
F i r s t  o f  a l l ,  t h i s  s te p  would deemphasize one o f th e  
im p o rtan t advan tages  o f  th e  d e sc r ib e d  a n a ly s i s  techn ique  
t h a t  i s ,  the  a b i l i t y  to  observe changes in  cadmium 
c o n c e n t r a t io n  f o r  d i f f e r e n t  s e c t io n s  o f  th e  h a i r  
s t r a n d .  Secondly , i n c r e a s in g  the  le n g th  o f  h a i r  
taken  f o r  a n a ly s i s  would in c r e a s e  th e  r i s k  o f i n t r o ­
ducing  an amount o f  cadmium th a t  would absorb  n e a r ly  
100% o f  th e  i n c id e n t  l i g h t .  A 1-cm segment o f h a i r ,
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on th e  av e rag e , g e n e ra te d  a s ig n a l  o f  approxim ately  
30% a b s o rp t io n .  Some segments, however, produced 
s ig n a l s  o f  o v e r  95% a b s o rp t io n .  The s ig n a l s  genera ted  
du ring  a n a ly s i s  were r o u t in e ly  reco rded  as p e rc e n t  
a b s o rp t io n ;  i t  was w e l l  known th a t  s in c e  t h i s  s c a le  
was lo g a r i th m ic  w ith  r e s p e c t  to  c o n c e n tra t io n ,  the  
g r e a t e s t  s e n s i t i v i t y  was o b ta in e d  when th e  a b so rp t io n  
s ig n a l s  were low.
As was p r e v io u s ly  s t a t e d ,  i t  was n o t  p o s s ib le  to  
measure random v a r i a b i l i t y  a lone  f o r  th e  d e sc r ib e d  
tech n iq u e  o f  h a i r  a n a l y s i s .  I t  was b e l ie v e d  t h a t  the 
m a jo r i ty  o f v a r i a t i o n  observed between h a i r  s t r a n d s  
from a s in g le  in d iv id u a l  was due to  d i f f e r e n c e s  
between th e  h a i r  s t r a n d s  them selves , w ith  some con­
t r i b u t i o n  due to  random e r r o r s  in  th e  a n a ly s is  tech n iq u e .  
This b e l i e f  was r e in f o r c e d  by th e  f a c t  t h a t  th e  random 
v a r i a b i l i t y  of the  q u a r tz  "T" a tom izer  method when used 
in  th e  a n a ly s i s  o f  sweat and u r in e  samples (Chapters  2 
and 3) was on th e  o rd e r  o f  22-28%. I t  would be 
expec ted  t h a t  the  r e p r o d u c i b i l i t y  f o r  h a i r  a n a ly s is  
u s in g  the  q u a r tz  "T" would be f u r t h e r  enhanced 
because o f  th e  absence o f a f i l t e r  paper  d isk  b lank  
and th e  more complete d e g ra d a tio n  o f th e  sample 
m a tr ix .  U n fo r tu n a te ly ,  an a d d i t i o n a l  sou rce  o f  e r r o r  
was in tro d u c e d  in  h a i r  a n a ly s i s  by th e  weighing o f  the  
sample.
4. Range o f  Cadmium C oncen tra tio n  in  th e  H air  o f 
I n d iv id u a l s  in  a  Non-Exposed P o p u la t io n
I t  was s t a t e d  e a r l i e r  in  t h i s  d is c u s s io n  t h a t  
th e  average c o n c e n tra t io n  o f  cadmium found in  th e  h a i r  
was g r e a t ly  dependent on th e  s e c t io n  o f  th e  h a i r  s t r a n d  
taken  f o r  a n a ly s i s .  Since most of th e  common a n a l y t i c a l  
tech n iq u es  employed fo r  h a i r  a n a ly s is  used b u lk  
amounts o f sample, i t  was b e l ie v e d  th a t  such an a ly ses  
r e p re s e n te d  the  measurement o f  cadmium n o t  only 
e x c re te d  from th e  body b u t a l s o  absorbed  from en v iro n ­
m ental so u rces .
The d a ta  p r e se n te d  in  Table 19 have been s e p a ra te d  
to  show the  average c o n c e n tra t io n  o f cadmium a t  th e  
ro o t  o f the  h a i r  s t r a n d  and t h a t  a t  th e  end fo r  each 
in d iv id u a l  sampled. The d a ta  a l s o  have been s e p a ra te d  
in to  groups by sex  because d i f f e r e n c e s  in  th e  cadmium 
co n ten t between males and fem ales had been r e p o r te d  
in  th e  l i t e r a t u r e . 1 4 3 * 1 4 4  No s i g n i f i c a n t  d i f f e r e n c e  
was observed between th e  two groups in  th e  average 
cadmium c o n c e n tra t io n  a t  the  ro o t  te rm inus  o f  th e  h a i r .  
S ince i t  was b e l ie v e d  t h a t  t h i s  s e c t io n  o f  th e  h a i r  
s t r a n d  was most r e p r e s e n t a t i v e  o f  th e  cadmium e x c re te d  
by th e  body, th e se  r e s u l t s  in d ic a te d  no d e te c ta b le  
d i f f e r e n c e  in  th e  e x c r e t io n  o f  cadmium between th e  
sexes .
196
The average c o n c e n tra tio n  o f cadmium found a t  th e  
end o f th e  h a i r  s tr a n d  was h ig h e r  in  fem ales than  in  
m ales; some o f t h i s  in c re a se  could  be a t t r i b u t e d  to  
th e  g r e a te r  average le n g th  o f a h a i r  s tr a n d  from a 
fem ale. These r e s u l t s  su g g ested  th a t  th e  d if f e re n c e s  
re p o r te d  in  th e  l i t e r a t u r e  f o r  th e  cadmium co n ten t of 
h a i r  due to  sex could  in  p a r t  be due to  th e  d i f f e r e n t  
average le n g th s  o f  th e  h a i r  s t r a n d s ,  and th u s  to  
d i f f e r in g  amounts o f env ironm en ta l cadmium. The 
a n a ly t ic a l  tech n iq u e  employed in  t h i s  re se a rc h  e lim in a te d  
th i s  problem  by making p o s s ib le  th e  a n a ly s is  o f  
s p e c i f ic  segm ents o f a h a i r  s tr a n d .
A com parison of th e  average c o n c e n tra tio n  of 
cadmium found in  h a i r  u sing  th e  q u a r tz  "T" a tom izer 
tech n iq u e  w ith  th e  c o n c e n tra tio n s  re p o rte d  by o th e r  
re s e a rc h e rs  i s  l i s t e d  in  Table 23. I t  can be seen 
th a t  th e  average o v e r a l l  c o n c e n tra tio n  o f cadmium 
re p o rte d  h e re  as th e  c o n c e n tra tio n  a t  th e  ro o t (0 .3  ppm) 
was low er than  most o f  th e  re p o rte d  l i t e r a t u r e  v a lu e s . 
This r e s u l t  was n o t unexpected s in c e  en v iro n m e n ta lly  -  
absorbed  cadmium may have been a s ig n i f i c a n t  f a c to r  in  
many o f  th e  tech n iq u es  re p o rte d  in  th e  l i t e r a t u r e .  
C o n sid erin g  th i s  in f lu e n c e ,  i t  was f e l t  th a t  th e  r e s u l t s  
o b ta in e d  in  t h i s  re se a rc h  compared w e ll w ith  th o se  o f  
o th e r  re s e a rc h e rs  u s in g  a wide v a r ie ty  o f a n a ly t i c a l  
te c h n iq u e s .
197
Table 23
COMPARISON OF LITERATURE VALUES FOR CADMIUM IN HAIR
Cone. Cd (ppm) 
0 .3  ( a t  ro o t)
1 .98  (non-exposed)
2.49 (o c c u p a tio n a lly  
exposed)
2.76+0.483 (m ales) 
1.77+0*239 (fem ales)
0 .5 -2 .5
0 .2 5 -2 .7  ( r u r a l )
0 .2 6 -3 .7  (urban)
0 .4 0 -8 .8  (n ea r r e f in e r i e s )
Method
e le c tro th e rm a l AAS 
q u a r tz "T" a to m ize r
d ry -a s h , flam e AAS
d ry -a s h , flam e AAS 
w e t-a sh , flam e AAS
NAA
R eference 
in  p re s s
142
143
144
134
0 .6 1 -2 .9 9 NAA 155
Using the average c o n c e n tra tio n  o f cadmium found 
a t  the  r o o t ,  i t  was p o s s ib le  to  e s tim a te  the  average 
amount o f  cadmium e x c re te d  from th e  body th rough  th e  
h a i r .  The r a te  o f  h a i r  growth has been e s tim a te d  to  
be ap p rox im ate ly  0 .1 -0 .4  mm/day, depending on such 
f a c to r s  as  r a c e ,  s e x , ag e , reg io n  o f  th e  body, season  
o f  th e  y e a r ,  n u t r i t i o n ,  and horm ones . 1 5 6  I t  has a ls o  
been e s tim a te d  th a t  th e re  a re  app rox im ate ly  1 0 0 , 0 0 0  
h a i r s  on th e  sc a lp  a lo n e . 1 5 6  I f  th e  growth r a t e  o f 
h a i r  i s  taken  to  be 0 .4  mm/day, and th e  number o f  h a i r s  
on th e  e n t i r e  body roughly  e s tim a te d  to  be 2 0 0 , 0 0 0 , 
th en  i t  can be c a lc u la te d  th a t  a human b e in g  w i l l  grow 
roughly  80 m o f h a i r  in  a day. The average w eight o f  
a c e n tim e te r  o f  h a i r  a t  th e  ro o t was found to  be 
app rox im ate ly  70 yg; t h i s  same le n g th  o f  h a i r  a ls o  
c o n ta in ed  app ro x im ate ly  0 .3  ppm Cd, co rresp o n d in g  to  
about 2 x 10" 5 yg of cadmium p e r  cm. I f  a human grows 
80 m o f h a i r  p e r  day, th e r e f o r e ,  ap p ro x im ate ly  0 . 2  yg 
of cadmium w i l l  be e x c re te d  d a i ly  by t h i s  means. This 
f ig u r e ,  o f  c o u rse , i s  based  on th e  assum ption  th a t  th e  
cadmium c o n c e n tra tio n  o f h a i r  does n o t vary  fo r  
d i f f e r e n t  re g io n s  o f  th e  body. A lthough many rough 
e s tim a te s  have been made in  th e  c a lc u la t io n  o f t h i s  
v a lu e ,  th e  g e n e ra l s ta tem e n t can be made th a t  cadmium 
e x c re t io n  through  th e  h a i r  m a tr ix  i s  l e s s  th an  0 .5  yg /d ay .
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5 . The E f f e c t  o f  Washing P ro ced u res on th e  C o n ce n tra tio n  
o f Cadmium in  H a ir
I t  was found th a t  r in s in g  o f h a i r  sam ples in  
ace to n e  as  a r e p re s e n ta t iv e  o f  an o rg an ic  so lv e n t d id  
n o t s ig n i f i c a n t ly  a f f e c t  th e  c o n c e n tra tio n  o f cadmium 
found. T his was in  agreem ent w ith  th e  r e s u l t s  o f 
J e r v i s ,  J ti . * 1 3 4  0n th e  o th e r  hand, w ashing th e  
h a i r  w ith  a  d e te rg e n t appeared  to  r e s u l t  in  a h ig h e r  
cadmium co n te n t when compared to  h a i r  th a t  was sim ply 
r in s e d  in  d i s t i l l e d - d e io n iz e d  w a te r . I t  had been 
re p o rte d  by H a rr is o n , et_ a l .  , 1 5 0  th a t  d e te rg e n t 
w ashing d ec reased  th e  c o n c e n tra tio n  o f i ro n  and magnesium 
found in  h a i r ,  b u t no d a ta  w ere re p o r te d  f o r  cadmium.
I t  was p o s s ib le  th a t  d e te rg e n t w ashing could  con tam inate  
th e  h a i r  w ith  cadmium because  o f th e  f a c t  th a t  many 
d e te rg e n ts  and shampoos were known to  c o n ta in  z in c  and 
se len ium  compounds. I t  was very  l i k e ly  th a t  cadmium 
a lso  was p r e s e n t .
The r e s u l t s  o f  th e se  s tu d ie s  showed th a t  sim ple 
r in s in g  w ith  d i s t i l l e d - d e io n iz e d  w a te r was th e  b e s t  
method fo r  e l im in a t in g  s u r fa c e  con tam inan ts  and d u s t 
from h a i r  sam ples w ith o u t co n tam in a tin g  th e  h a i r  s h a f t  
w ith  cadmium. T his was th e  ro u tin e  p rocedure  used in  
th e  c o l le c t io n  o f  th e  d a ta  re p o r te d  h e re .  D etergen t 
w ashing was used o c c a s io n a l ly ,  how ever, in  th o se  cases  
where th e  h a i r  appeared  d i r t y  o r  o i l y .  In  th e se  c a s e s ,
i t  was f e l t  t h a t  i n i t i a l  w ashing w ith  a  d e te rg e n t would 
se rv e  to  s u b je c t  th e  h a i r  to  a com parable tre a tm e n t as  
would norm ally  be accom plished by ro u tin e  p e rso n a l 
grooming in  th e  case o f  th e  o th e r  in d iv id u a ls  sam pled.
6 . The C o n cen tra tio n  o f  Cadmium in  Shampoo
The in d ic a te d  co n tam in a tio n  o f h a i r  sam ples 
from w ashing w ith  d e te rg e n ts  su g g ested  th a t  shampoos 
and o th e r  h a i r  tre a tm e n ts  m ight be im p o rtan t so u rces  of 
th e  a d d i t io n a l  cadmium found n e a r  the  ends o f h a i r  
s t r a n d s .  This so u rce  o f what has been d e sc rib ed  as 
"en v iro n m en ta l"  cadmium seemed th e  most p la u s ib le  
e x p la n a tio n  fo r  cadmium adsorbed  from o u ts id e  th e  body, 
e s p e c ia l ly  in  view o f th e  f a c t  th a t  th e  c o n c e n tra tio n  
of cadmium in  a i r  and w a te r i s  very  low. The normal 
c o n c e n tra tio n  o f cadmium in  a i r  i s  on th e  o rd e r  o f
0 . 0 1  yg/m 3 1 9 » 3 3  and th e  c o n c e n tra tio n  in  tap  w ater 
has been re p o r te d  to  be app rox im ate ly  1  ppb . 1 9
As re p o r te d  in  th e  RESULTS s e c t io n ,  th e  cadmium 
c o n c e n tra tio n  in  a r e p re s e n ta t iv e  com m ercial shampoo 
was determ ined  to  be 0 .17  ppm. T his was more than  100 
tim es th e  c o n c e n tra tio n  in  w a te r a lo n e , in d ic a t in g  th a t  
shampoos were indeed  a p o s s ib le  sou rce  o f cadmium 
a d s o rp tio n  onto  th e  h a i r  s h a f t .  I t  was expected  th a t  
th e  cadmium c o n c e n tra tio n  in  a n t i -d a n d ru f f  shampoos 
would be h ig h e r  th an  th a t  determ ined  h e re  due to  th e  
use o f  z in c -  and s e le n iu m -c o n ta in in g  compounds in  th e se
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p ro d u c ts . Cadmium would be l i k e l y  to  be found in  a s s o c ia ­
t io n  w ith  th e se  e lem en ts .
7. The Cadmium C o n cen tra tio n  o f H a ir  as  Compared to  
That o f  U rine and Sweat
H a ir  sam ples were ana lyzed  from th e  same two 
in d iv id u a ls  who were re p e a te d ly  sampled fo r  e a r l i e r  
s tu d ie s  o f cadmium in  u r in e  and p e r s p i r a t io n  ( r e f e r r e d  
to  as S u b je c ts  A and B in  C hapters 2 -3 ) .  The r e s u l t s  
from th e se  an a ly se s  allow ed a com parison o f th e  
r e l a t iv e  cadmium c o n c e n tra tio n  le v e ls  in  th e  th re e  
t i s s u e s .  The average cadmium c o n c e n tra tio n s  found 
in  th e  th re e  sam ples fo r  S u b jec ts  A and B, as w e ll 
as  th e  o v e r a l l  average v a lu e s  found f o r  th e  p o p u la tio n  
sampled in  each c a se , a re  compared in  Table 24.
I t  was found (C hapter 2) th a t  th e  average co n c en tra ­
t io n s  o f  cadmium in  th e  u r in e  o f S ub jec t A and S u b jec t B 
were 23 ppb and 24 ppb, r e s p e c t iv e ly .  These v a lu e s  
were very  n e a r  th e  o v e r a l l  average  c o n c e n tra tio n  o f 
20 ppb Cd found f o r  th e  e n t i r e  p o p u la tio n  sam pled.
(None o f  th e  in d iv id u a ls  sampled were known to  be 
o c c u p a tio n a lly  exposed to  cadmium.) The a n a ly s is  o f 
sw eat sam ples, how ever, re v e a le d  th a t  th e  average cadmium 
c o n c e n tra tio n  in  th e  p e r s p i r a t io n  o f  S u b jec t A (41 ppb) 
was low er than  th e  average c o n c e n tra tio n  found fo r  th e  
e n t i r e  p o p u la tio n  (84 ppb Cd). At th e  same tim e , th e  
average c o n c e n tra tio n  o f cadmium found in  th e  sweat
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Table 24
COMPARISON OF THE AVERAGE CADMIUM CONCENTRATIONS FOUND 
IN URINE, SWEAT, AND HAIR FOR TWO INDIVIDUALS AND FOR 
THE POPULATION SAMPLED
Avg. C o n ce n tra tio n  o f Cd (ppb) 
P o p u la tio n
Sample Sampled S u b jec t A S u b jec t B
U rine 20 23 24
Sweat 84 41 90
H air
(conc. a t  ro o t)
300 200 1300
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from S u b jec t B (90 ppb) was h ig h e r  th an  th e  o v e ra l l  
average (see  C hapter 3 ) .  These r e s u l t s  su g g ested  th a t  
th e re  was no c o r r e la t io n  betw een th e  amount o f cadmium 
e x c re te d  in  th e  sw eat and in  th e  u r in e  o f an in d iv id u a l .
Indeed , t h i s  o b se rv a tio n  was made when th e  cadmium 
c o n c e n tra tio n s  o f th e s e  two e x c re to ry  f lu id s  were 
compared f o r  th e  e n t i r e  p o p u la tio n  sampled. This 
com parison was d isc u s se d  in  C hapter 3; th e  d a ta  have 
been p re se n te d  in  T able 15 and in  F igu re  20.
H air sam ples a ls o  were analyzed  fo r  S u b jec ts  A 
and B. Among th e  h a i r  d a ta  l i s t e d  in  Table 19,
Sample 10 was o b ta in e d  from S u b jec t A and Sample 17
was c o l le c te d  from S u b jec t B. I t  can be seen th a t
th e  cadmium c o n c e n tra tio n  a t  th e  ro o t o f  th e  h a i r  o f
S u b jec t A (0 .2  ppm, o r  200 ppb) was low er than  the average fo r
th e  o v e r a l l  p o p u la tio n  (0 .3  ppm = 300 pp b ). However, th e
c o n c e n tra tio n  found fo r  t h i s  s e c t io n  o f th e  h a i r  from
S u b jec t B (1 .3  ppm = 1300 ppb) was much h ig h e r  than  th e  o v e ra l l
av e rag e .
Thus i t  was observed  th a t  f o r  bo th  sw eat and 
h a i r  sam ples, th e  cadmium c o n c e n tra tio n  le v e ls  found fo r  
S u b jec t A were below  th e  average w h ile  th o se  found 
fo r  S u b jec t B were above th e  average  (Table 2 4 ). This 
in d ic a te d  th a t  th e re  may be a r e la t io n s h ip  between the  e x c re tio n  
o f cadmium through  th e  h a i r  and th rough th e  sw eat in  man.
The cadmium le v e l  in  h a i r  was no ted  to  be h ig h e r  than 
th a t  in  e i t h e r  u r in e  o r  sw ea t.
CONCLUSIONS AND SUMMARY
1. The use o f  th e  carbon bed a to m ize r f o r  atom ic 
a b so rp tio n  sp ec tro sco p y  was a sim ple and e f f e c t iv e  
tech n iq u e  fo r  th e  d i r e c t  d e te rm in a tio n  o f cadmium in  
h a i r .  Complete decom position  o f  th e  sample was 
p o s s ib le ,  e l im in a tin g  background a b so rp tio n  and a llo w in g  
th e  use o f  aqueous s ta n d a rd s  fo r  c a l ib r a t io n  p u rp o ses .
2. Cadmium in  th e  h a i r  seemed to  r e s u l t  from b o th  
e x c re t io n  from w ith in  th e  body and from ab so rp tio n  
from en v iro n m en ta l so u rc e s . That cadmium d e te c te d  
n e a re s t  th e  ro o t most n e a r ly  re p re se n te d  e x c re te d  
cadmium, w h ile  th a t  m easured n e a re s t  th e  end o f  th e  
h a i r  r e f l e c te d  en v iro n m en ta l exposu re . The cadmium 
c o n c e n tra tio n  in c re a se d  w ith  in c re a s in g  d is ta n c e  from 
th e  ro o t.
3. The average c o n c e n tra tio n  o f cadmium a t  th e  ro o t o f 
the  h a i r  was found to  be 0 .3  ppm fo r  a n o n -o c c u p a tio n a lly  
exposed ( u n iv e rs i ty )  p o p u la tio n . The cadmium co n cen tra ­
t io n  a t  th e  ro o t was found no t to  be s ig n i f i c a n t ly  
d i f f e r e n t  betw een m ales and fem ales.
4. The in c re a s e  in  cadmium c o n c e n tra tio n  p e r  u n i t  
le n g th  betw een th e  ro o t and th e  end o f th e  h a i r  s tra n d  
d i f f e r e d  betw een in d iv id u a ls  and, on th e  av e rag e , 
between m ales and fem ales . T his in d ic a te d  th a t  th e  
amount o f cadmium found a t  th e  end of th e  h a i r  was 
n o t dependent s o le ly  on th e  t o t a l  le n g th  o f th e  h a i r
s tr a n d .  The in c re a s e  in  cadmium c o n c e n tra tio n  over 
th e  le n g th  d id  n o t ap p ear to  be l i n e a r .
5 . A p o s s ib le  so u rce  o f cadmium accum ulation  from th e  
environm ent was dem onstra ted  to  be due to  shampoos.
Many o th e r  so u rces  o f  t h i s  adsorbed cadmium were 
p o s s ib le .
6 . The c o n c e n tra tio n  o f cadmium a t  th e  ro o t o f  th e  h a i r  
s tr a n d  could  p o s s ib ly  be used to  in d ic a te  th e  body 
burden o f cadmium w ith in  th e  in d iv id u a l .  In  such 
s tu d ie s ,  on ly  th e  s e c t io n  o f th e  h a i r  n e a r e s t  th e  ro o t 
shou ld  be tak en  fo r  a n a ly s is ,  as t h i s  i s  th e  re g io n  
which most n e a r ly  r e p re s e n ts  the  d i r e c t  e x c re t io n  o f 
e lem en ts  from th e  body. A tech n iq u e  such as th a t  
d e sc rib e d  here  would be a u s e fu l  a n a ly t i c a l  method fo r  
th e  s e le c t iv e  d e te rm in a tio n  o f th e  cadmium p re s e n t  a t  
th e  ro o t o f  th e  h a i r  s tr a n d .
7. The d a i ly  e x c re t io n  o f cadmium through th e  h a i r  
was e s tim a te d  to  be app ro x im ate ly  0 . 2  pg /day .
8 . H a ir  sam ples were analyzed  from two in d iv id u a ls
who had p re v io u s ly  donated  b o th  u r in e  and sw eat sam ples. 
Comparison o f  th e  d a ta  o b ta in e d  showed no c o r r e la t io n  
betw een th e  c o n c e n tra tio n  o f cadmium in  th e  u r in e  and 
in  th e  sw eat. However, th e  d a ta  in d ic a te d  th a t  a 
r e la t io n s h ip  may e x i s t  betw een th e  amount o f cadmium 
e x c re te d  th rough  th e  sw eat and th rough  th e  h a i r .
9 . The c o n c e n tra tio n  of cadmium in  the  h a i r  was g e n e ra lly  
h ig h e r  than  th a t  found in  th e  u r in e  o r in  th e  sw ea t.
CHAPTER 5
THE DETERMINATION OF CADMIUM IN BREATH
A. INTRODUCTION
B reath  p o s se s se s  s e v e ra l  advan tages as  a specimen 
f o r  c l i n i c a l  chem ical a n a ly s is .  I t  i s  known th a t  th e  
lungs a re  very  e f f i c i e n t  boundary o rg an s . The numerous 
a lv e o l i  w ith in  th e  lungs p o sse ss  a  t o t a l  s u rfa c e  a re a  
o f some 70 m2  in  c o n ta c t  w ith  b lood  c a p i l l a r i e s ;  th e  
average d a i ly  r e s p i r a to r y  volume has been e s tim a te d  to  
be 104  l i t e r s . 1 5 7  I t  seemed, th e r e f o r e ,  th a t  b re a th  
should  r e f l e c t  th e  c o n c e n tra tio n  in  th e  b lood  c a p i l l a r i e s  
o f those  su b s tan c es  which a re  cap ab le  o f  t r a n s f e r  
a c ro ss  th e  a lv e o la r - c a p i l l a r y  membranes. I t  i s  b e lie v e d  
th a t  fo r  many su b s ta n c es  an e q u il ib r iu m  i s  e s ta b l is h e d  
betw een th e  pulmonary c i r c u la t io n  and a lv e o la r  a i r .  
Examples o f some compounds f o r  w hich t h i s  has been 
dem onstra ted  a re  C02  and b lood  a lc o h o l . 1 5 7  Many o th e r  
compounds would be ex p ec ted  to  have s u f f i c i e n t  vapor 
p re s s u re  and t r a n s f e r  c a p a b i l i t i e s  to  a llo w  them to  
be p re se n t in  a p p re c ia b le  q u a n t i t i e s  in  b r e a th .
B rea th  i s  a v ery  conven ien t specimen f o r  m o n ito rin g  
p u rp o ses . I t  i s  a  sample th a t  can be c o l le c te d  r a p id ly ,  
sim ply , and w ith o u t inconven ience  to  th e  in d iv id u a l  
sam pled. The a n a ly s is  o f  b re a th  a ls o  can be e a s i ly  
re p e a te d  w ith  l i t t l e  r i s k  o f m ajor changes in  th e  sample
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com position . S ince the  sample i s  gaseo u s, p re tre a tm e n t 
i s  unnecessary  f o r  most a n a ly t i c a l  te c h n iq u e s . B reath  
sam pling e a s i ly  len d s  i t s e l f  to  r e a l- t im e  a n a ly s is ,  
a lthough  th e  sample can be r e ta in e d  on an ad so rb an t 
fo r  l a t e r  a n a ly s is  i f  n e c e s sa ry .
One d isad v an tag e  o f th e  use o f  b re a th  as  a c l i n i c a l  
specimen i s  th e  f a c t  th a t  on ly  th o se  su b s tan ces  which can 
p ass  th rough  th e  c i r c u la to r y - a lv e o la r  boundry can be 
de term ined . I t  i s  a ls o  u n fo r tu n a te  th a t  th e se  components 
a re  u s u a lly  p re se n t in  v e ry  low c o n c e n tra t io n s .  In  
a d d i t io n ,  a  c e r ta in  amount o f c o o p e ra tio n  i s  re q u ire d  
from th e  in d iv id u a l  sam pled fo r  p ro p e r specimen 
c o l le c t io n .  Gaseous sam ples such as b re a th  must be 
c o l le c te d  under known and c o n tr o l le d  c o n d itio n s  o f 
te m p e ra tu re , p r e s s u re ,  and flow  r a t e  in  o rd e r  to  
a c c u ra te ly  determ ine th e  sample volume and c o n c e n tra tio n .
I t  has been su g g ested  th a t  th e re  a re  s e v e ra l  
ty p es  o f b re a th  sam ples th a t  can be c o l le c te d  and 
a n a ly z ed . 1 5 7  The lu n g s a re  known to  c o n ta in  some dead- 
space a i r  th a t  i s  n o t in  d i r e c t  c o n ta c t w ith  th e  
pulm onary c a p i l l a r i e s  and th u s  i s  n o t in  e q u ilib r iu m  
w ith  th e  c o n c e n tra tio n s  o f  v o l a t i l e  components in  the  
b lood . I t  was su g g es ted  by Dubowski1 5 7  th a t  th e  
com position  o f b r e a th  e x p ire d  was c o n s ta n t a f t e r  th e  
dead-space a i r  was e x p e l le d .  This p o r t io n  o f  e x p ire d  
a i r  w ith  c o n s ta n t com position  was c a l le d  a lv e o la r
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a i r  and o ccu rred  a f t e r  d i f f e r e n t  volumes o f e x h a la t io n , 
depending on th e  in d iv id u a l .
1. Methods fo r  th e  D ete rm in a tio n  o f O rganic Compounds 
in  B reath
Most o f th e  su b s tan ces  commonly m onito red  in  
b re a th  a re  gaseous compounds such as CO2 , O2 , CO, o th e r  
v o l a t i l e  o rg a n ic s , and drugs o r  drug m e ta b o li te s  w ith  
high vapor p r e s s u re s .  A com prehensive l i s t i n g  o f 
many common b re a th  a n a ly s is  tech n iq u es  has been p u b lish e d  
by Dubowski. 1 5 7  The most common compound determ ined 
in  b re a th  i s  a lc o h o l ,  and a v a r ie ty  o f methods and 
autom ated a n a ly z e rs  a re  in  use fo r  t h i s  p u rp o se . 1 5 7  
O ther compounds th a t  have been determ ined  in  b re a th  
in c lu d ed  a c e to n e , 1 5 8 * 1 5 9  a n e s th e t ic s , 1 8 0 * 1 6 1  carbon 
d io x id e , 1 8 2  carbon m onoxide , 1 8 2  m ercaptans and 
s u l f i d e s , 181* and methane and hydrogen . 1 8 5  The methods 
used fo r  th e se  a n a ly se s  in c lu d e  te c h n iq u e s  such as 
gas chrom atography , 1 5 8 » 1 8 ° » 1 6 4 > 1 6 5  in f r a r e d  a b s o rp t io n , 1 5 9 » 1 6 1 - 1 6 2  
and mass sp e c tro m e try . 1 5 7 > 1 6 6 » 1 8 7
S ev e ra l te ch n iq u es  a ls o  have been p u b lish ed  concern ing  
c o l le c t io n  and r e te n t io n  o f b re a th  sam ples fo r  a n a ly s is  
a t  a l a t e r  tim e . 1 5 7 * 1 8 8  Most o f th e se  methods in v o lv e  
e i t h e r  s to ra g e  of whole b re a th  in  some s u i ta b le  c o n ta in e r  
(b ag s, c a p su le s , s y r in g e s ,  e t c . )  o r r e te n t io n  by 
p h y s ic a l o r  chem ical means on an a d so rb an t o r  in  a 
s u i t a b le  s o lv e n t.
2. The D eterm in a tio n  o f M etals in  B reath
L i t t l e  a t t e n t io n  has been p a id  to  th e  de term ina­
t io n  o f m e ta ls  in  b re a th .  I t  has long been known 
th a t  c e r ta in  m e ta ls  a re  e x c re te d  in  th e  form o f  v o l a t i l e  
compounds in  ex p ire d  a i r .  As e a r ly  as 1925, se len ium  
had been observed  to  cause a d i s t i n c t  g a r l i c  odor o f 
the  b r e a th . 1 I t  was l a t e r  shown th a t  th e  a c tu a l  
compound ex haled  was d im ethy l s e le n id e . 1 * 1 6 9  I t  
was found, th rough s tu d ie s  w ith  r a t s ,  th a t  t h i s  compound 
was e x c re te d  in  th e  b re a th  a f t e r  exposure to  e i t h e r  
d im ethyl s e le n id e  i t s e l f  o r  to  in o rg a n ic  se len iu m . 1 6 9  
T ellu riu m  i s  a ls o  known to  be e x c re te d  th rough  
r e s p i r a t i o n ,  a p p a re n tly  by a s im i la r  mechanism . 1
A l im ite d  number o f a n a ly t i c a l  tech n iq u es  have 
been p u b lish e d  f o r  th e  d e te rm in a tio n  o f  m e ta ls  in  b re a th .  
The methods used f o r  d e te rm in in g  selen ium  in  th e  b re a th  
in v o lv ed  a b so rp tio n  o f th e  e x p ire d  gases in  6 % Hg(N0 3 ) 2 1 7 9  
o r  in  s a tu r a te d  HgCl2 . 1 6 9 » 1 7 0  The selen ium  p re se n t 
was determ ined  by w eighing as  a m ercu ric  d e r iv a t iv e  
(such as (CH3 ) 2 Se*HgCl2  in  th e  l a t t e r  c a se ) . 1 6 9
A method fo r  th e  d e te rm in a tio n  o f  e x p ired  m ercury 
a ls o  has been r e p o r te d . 1 7 1  The re s e a rc h e r s  m easured 
e lem en ta l m ercury ex h a led  a f t e r  r e s to r a t i v e  d e n ta l  
tre a tm e n t w ith  amalgams. The method o f a n a ly s is  had 
been p re v io u s ly  p u b lish e d  fo r  th e  d e te rm in a tio n  o f 
m ercury in  am bient a i r 1 7 2  and in v o lv ed  p a s s in g  th e
e x p ired  a i r  over a s i l v e r  wool c o l le c to r  p receeded  
by a d ry in g  tu b e . The m ercury was r e le a s e d  from th e  
c o l le c to r  by h e a tin g  to  400°C and drawing th e  f re e  
m ercury vapors th rough an atom ic a b so rp tio n  s p e c tro ­
pho tom eter. 1 7 1  Of co u rse , th e  m ercury determ ined  in  
th e se  s tu d ie s  was n o t e x c re te d  from th e  body through  
th e  lungs b u t r a th e r  was v o l a t i l i z e d  from w ith in  th e  
mouth. N e v e r th e le ss , the  method re p o r te d  could  be 
used to  d isc o v e r  w hether v o l a t i l e  m ercury compounds 
a re  e x c re te d  v ia  r e s p i r a t io n .
No re fe re n c e  could  be found to  a d e te rm in a tio n  o f 
cadmium in  e x p ire d  a i r .  Cadmium was known to  be a 
v o l a t i l e  m eta l and a ls o  to  form v o l a t i l e  compounds such 
as d im ethyl cadmium. In  f a c t ,  s tu d ie s  had shown th a t  a 
v o l a t i l e  cadmium s p e c ie s ,  presum ably d im ethy l cadmium, 
was form by b a c te r i a  when c u l tu re s  c o n ta in in g  cadmium 
s a l t s  and Vitam in B-12 were in c u b a te d . 1 7 3  I t  seemed 
p o s s ib le  th a t  such a conversion  could  occu r in  th e  
human body, perhaps w ith  subsequent e x h a la tio n  of 
d im ethy l cadmium.
A nother p o s s ib le  sou rce  o f cadmium in  th e  b re a th  
was r e s p i r a to r y  p e r s p i r a t io n .  I t  was s ta t e d  in  C hapter 3 
th a t  a s ig n i f i c a n t  lo s s  o f w a te r (140-450 g/day) occurs 
through r e s p i r a t io n  and th a t  t h i s  lo s s  was p a r t  o f  th e  
t o t a l  in s e n s ib le  p e r s p i r a t io n . 1 2 5  I t  was p o s s ib le  
th a t  e x c re tio n  o f cadmium co u ld  o ccu r th rough  t h i s
r e s p i r a to r y  p e r s p i r a t io n ,  e s p e c ia l ly  in  view o f  th e  
f a c t  th a t  lo s s e s  o f  cadmium had been observed in  
cu taneous sw eating .
A n a ly s is  o f  b re a th  could  be accom plished u sin g  
the  q u a r tz  "T" a to m ize r . The a to m izer had been used 
e x te n s iv e ly  by a form er member o f  t h i s  re se a rc h  group 
in  am bient a i r  a n a ly s is  f o r  t r a c e  m e ta ls . 5 7  S im ila r  
sam pling p ro ced u res  were a p p lie d  to  th e  d e te rm in a tio n  
o f m e ta ls  in  b re a th .
EXPERIMENTAL
1. Equipment
The equipm ent used fo r  th e  a n a ly s is  o f  b re a th  
was th e  same as th a t  p re v io u s ly  d e sc rib e d  fo r  th e  
a n a ly s is  o f  o th e r  b io lo g ic a l  m a te r ia ls .  A ll  components 
o f th e  atom ic a b so rp tio n  in s tru m en t were unchanged.
The top  o f th e  q u a r tz  "T" a to m ize r was f i t t e d  
w ith  a T eflon  p ie c e  which screw ed in to  th e  s ta in l e s s  
s t e e l  head . This a d a p te r  narrow ed th e  opening in to  th e  
a to m izer to  app ro x im ate ly  0 .25  in ch  and allow ed the  
a ttach m en t o f  a le n g th  o f Tygon tu b in g  f o r  th e  purpose 
o f  b re a th in g  d i r e c t ly  in to  the  a to m izer.
In  o rd e r  to  adsorb  any m eta l components in  b re a th  
onto  th e  carbon bed , a c t iv e  carbon was n e c e s sa ry . A 
supply  o f a c t iv e  N a tio n a l b rand  carbon was a v a i la b le  
from p rev io u s  a i r  sam pling s tu d ie s 5 7  and was used to
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make up th e  carbon bed fo r  b re a th  a n a ly s is .
2. Sampling P rocedure
E xp ired  a i r  was c o l le c te d  on th e  carbon bed by 
d i r e c t ly  b re a th in g  in to  th e  a to m ize r . During sam pling , 
the  carbon bed was l e f t  co ld ; th a t  i s ,  th e  ra d io ­
frequency  (RF) g e n e ra to r  which h ea te d  th e  bed was n o t 
a c t iv a te d .  The bottom  o f th e  bed was warm due to  th e  
f a c t  th a t  th e  l i g h t  p a th  was h e a te d  to  app rox im ate ly  
900°C.
Before any sam ples were c o l le c te d ,  th e  carbon bed
was h e a te d  to  about 1500°C to  atom ize and e lim in a te
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any cadmium co n tam in a tio n  on th e  s u rfa c e  o f th e  carbon . 
D uring th i s  p ro c ed u re , a i r  was drawn th rough  th e  carbon 
bed a t  a r a te  o f 200 cc/m in . The bed was allow ed  to  
rem ain h e a te d  u n t i l  th e  s ig n a l  reco rded  a t  th e  cadmium 
resonance l in e  (2288A) re tu rn e d  to  b a s e l in e ,  in d ic a t in g  
no f u r th e r  cadmium coming from th e  carbon bed . The RF 
g e n e ra to r  was th en  tu rn e d  o f f  and th e  bed allow ed to  
co o l under a i r  f o r  a p e r io d  o f from 2 to  3 m in u tes . A 
b re a th  sample was c o l le c te d  fo llo w in g  t h i s  p e r io d  by 
having  a s u b je c t  ex h a le  th rough Tygon tu b in g  d i r e c t ly  
in to  th e  a to m ize r , a llo w in g  th e  c e l l  vacuum pump to  p u l l  
th e  e x p ire d  a i r  over th e  carbon bed a t  a r a t e  o f 2 0 0  cc/m in . 
A 5 -m inute  sam pling p e r io d , th e r e f o r e ,  r e s u l te d  in  th e  
c o l le c t io n  o f one l i t e r  o f  e x p ire d  a i r  and a 1 0 -m in u te  
p e r io d  c o l le c te d  2  l i t e r s .
A f te r  th e  sample had been c o l le c te d ,  30 seconds 
were allow ed  f o r  th e  b re a th  rem ain ing  in  th e  Tygon 
tu b in g  to  be p u lle d  th rough  th e  bed. Flow o f a i r  
th rough  th e  c e l l  was then  d iv e r te d  by means o f a bypass 
v a lv e ; a f t e r  15 seconds th e  RF g e n e ra to r  was tu rn e d  on 
and th e  bed was h e a te d  to  atom ize and decompose th e  
sample on th e  bed. A 35-second p e r io d  was allow ed 
fo r  th e  h e a t in g  and a tom iz ing  p ro c e s s , a f t e r  t h i s  tim e 
flow  was a g a in  resumed through  th e  c e l l .  The atom ized 
sample th u s  was drawn from th e  bed th rough  th e  
l i g h tp a th ,  where atom ic a b so rp tio n  was reco rd ed .
A ll  s ta g e s  o f th e  sample c o l le c t io n  p rocedure  
were tim ed u s in g  a stopw atch  so th a t  su c c e ss iv e  sam ples 
cou ld  be c o l le c te d  and analyzed  in  an id e n t i c a l  
m anner.
A "b lan k "  sample was analyzed  to  de term ine  i f  some 
absorbance could  be seen  from a i r  a lo n e . In  t h i s  
a n a ly s is ,  a l l  c o l le c t io n  s te p s  were re p e a te d  and a 1 -  
o r  2 - l i t e r  a l iq u o t  o f  room a i r  was drawn over th e  bed 
in  p la c e  o f  a b re a th  sam ple.
RESULTS
1. A n a ly s is  o f  Room A ir
A volume o f  room a i r  was drawn over th e  a c t iv e  
carbon bed to  d e te c t  any cadmium th a t  would be p re se n t 
in  th e  a i r  in h a le d  o r  th a t  which would come from th e
carbon bed i t s e l f .  This d e te rm in a tio n  was co n s id e red  
to  be a "b lan k "  f o r  subsequen t b re a th  sam ples. Example 
t r a c e s  from th e se  b lan k  sam ples can be found in  
F igu re  28. I t  can be seen th a t  only  a s l i g h t  d e v ia tio n  
from th e  b a s e l in e  o ccu rred  fo r  bo th  1 - l i t e r  and 2 - l i t e r  
sam ples o f  room a i r .  This in d ic a te d  no d e te c ta b le  
cadmium in  th e  la b o ra to ry  a i r  under th e  sam pling 
c o n d itio n s  used . P rev io u s  s tu d ie s  by o th e r  members o f 
t h i s  re se a rc h  group had found betw een 0 . 0 2 - 0 . 1  yg/m 3 
o f cadmium in  am bient (o u ts id e )  a i r .  The sam pling 
procedure  used in  th e se  s tu d ie s  was id e n t i c a l  to  th a t  
d e sc rib e d  h e re  ex cep t th a t  a 6 - l i t e r  sample o f a i r  was 
c o l l e c te d . 5 7
2. A n a ly s is  o f  E x p ired  A ir
A 5-m inute (1 l i t e r )  sample o f  e x p ire d  a i r  was 
i n i t i a l l y  ana ly zed  u s in g  th e  d e sc rib e d  p ro ced u re . No 
d e te c ta b le  cadmium s ig n a l  was reco rd ed ; an example t r a c e  
i s  i l l u s t r a t e d  in  F ig u re  2 9 (a ) .
I t  was thought to  be p o s s ib le  th a t  th e  le v e l  o f 
cadmium in  th e  b re a th  was low enough such th a t  a 1 - l i t e r  
sample was i n s u f f i c i e n t  to  a llow  i t s  d e te c t io n .  There­
f o r e ,  a 1 0 -m inu te  ( 2  l i t e r )  sample was ana ly zed  from th e  
same s u b je c t .  The t r a c e s  r e s u l t in g  from two such 
sam ples a re  shown in  F ig u re  2 9 (b ) . I t  can be seen  t h a t ,  
a lth o u g h  a s ig n a l  was d e te c te d  in  one c a s e , t h i s  r e s u l t  
was n o t c o n s is te n t  on re p e a te d  sam pling .
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FIGURE 28
This f ig u re  shows the  a b so rp tio n  t ra c e s  o b ta in ed  fo r  1 - l i t e r  and 
2 - l i t e r  sam ples o f  room a i r  c o l le c te d  on an a c t iv e  carbon  bed. These 
sam ples se rv ed  as b lan k  measurements fo r  th e  subsequen t a n a ly s is  o f  
b re a th .
z  20*
O
£  Flow on Flow on
5  (35 sec) (35 sec)
5/ 5 m .0D IO*
<
(a ) 1 - l i t e r  sample (b) 2 - l i t e r  sample
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FIGURE 29
This f ig u re  shows some ty p ic a l  a b so rp tio n  t r a c e s  o b ta in ed  fo r  the 
a n a ly s is  o f  1 - l i t e r  and 2 - l i t e r  sam ples o f  e x p ire d  a i r .  The samples 
re p re s e n te d  h e re  were a l l  c o l le c te d  from th e  same in d iv id u a l .
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The b re a th  o f s e v e ra l  in d iv id u a ls  was an a ly zed ; 
most sam ples showed no d e te c ta b le  cadmium. O cc a s io n a lly , 
a s ig n a l  was o b serv ed , such as th a t  i l l u s t r a t e d  in  F igu re  
30, b u t a g a in  th e se  r e s u l t s  were n o t found to  be re p ro d u c ib le .
The s e n s i t i v i t y  o f th e  q u a r tz  "T" a to m ize r fo r  
cadmium i s  app ro x im ate ly  2 x 10“ 13 g . 5 Since cadmium 
was n o t d e te c ta b le  in  2 l i t e r s  o f  b r e a th ,  t h i s  
in d ic a te d  th a t  the  cadmium c o n c e n tra tio n  in  b re a th  
was le s s  than  10“ 13 g /1  (10-1+ yg/m3) . The e s tim a te d  
d a i ly  r e s p i r a to r y  volume i s  104 i , ; 157 th e r e f o r e ,  the  
d a i ly  e x c re t io n  o f  cadmium through th e  b re a th  must be 
l e s s  than  10-9  g ( le s s  than  1 n g ) .
DISCUSSION
I t  appeared  th a t  th e  c o n c e n tra tio n  o f cadmium 
in  th e  b re a th  was to o  low to  be d e te c te d  under th e  
c o n d itio n s  used in  t h i s  s tu d y . Based on th e  s e n s i t i v i t y  
o f  th e  tech n iq u e  f o r  cadmium, t h i s  meant th a t  th e  con­
c e n tr a t io n  o f cadmium in  b re a th  was l e s s  than  10-lf yg/m9.
I t  was a lso  observed  in  t h i s  s tu d y  th a t  no d e te c ta b le  
cadmium s ig n a l  was reco rd ed  fo r  a 2 - l i t e r  sample o f 
room a i r .  T h e re fo re , th e  c o n c e n tra tio n  o f cadmium in  
th e  la b o ra to ry  a i r  was a ls o  l e s s  than  10-4  yg/m3.
This was c o n s id e ra b ly  le s s  than  th e  p u b lish e d  v a lu e  fo r  
the  cadmium c o n c e n tra tio n  in  th e  am bient atm osphere 
(0 .0 1 -0 .0 5  yg/m3) . 19 I t  was a ls o  l e s s  than th e  c o n c e n tra tio n
FIGURE 30
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This f ig u re  shows an a b s o rp tio n  t r a c e  o b ta in ed  on one o ccas io n  fo r  a 
2- l i t e r  sample o f  e x p ire d  a i r .  A d d itio n a l sam ples c o l le c te d  from the 
same in d iv id u a l  d id  n o t e x h ib i t  t h i s  same h ig h  a b s o rp tio n .
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o f  cadmium found in  am bient (o u ts id e )  a i r  by o th e r  
members o f  t h i s  re se a rc h  group (0 .0 2 -0 .1  yg/m3) . 57
The tech n iq u e  employed in  b re a th  and a i r  a n a ly s is  
r e s u l te d  in  a r a th e r  b road  atom ic a b so rp tio n  s ig n a l .
One reaso n  f o r  t h i s  b road  s ig n a l  was th e  tim e re q u ire d  
to  p h y s ic a lly  d is p la c e  th e  cadmium th a t  had been 
adsorbed  and atom ized  in  the  carbon bed. The 
approxim ate volume o f  th e  carbon bed was 35 cm3.
D uring a to m iz a tio n , th e re  was no a i r  flow  through th e  
bed . T h e re fo re , when flow  was resumed in  o rd e r  to  draw 
th e  atom ized sample from th e  bed th rough  th e  l i g h t  
p a th ,  a f i n i t e  p e r io d  o f tim e was n ec e ssa ry  to  com­
p le t e ly  d is p la c e  th e  a i r  w ith in  th e  bed . At a flow  
r a t e  o f  200 cm3/m in, i t  would tak e  10.5 seconds to  
d is p la c e  the  volume o f the carbon bed , assum ing p e r fe c t  
p is to n  d isp lace m en t. This i s  th e  minimum tim e p o s s ib le  
f o r  a l l  th e  cadmium to  e n te r  th e  l ig h tp a th  and e x h ib i t  
a b s o rp tio n . Of c o u rse , id e a l  p is to n  d isp lacem en t d id  
n o t occu r in  t h i s  c a se ; th e  cadmium s ig n a ls  observed  
in  p r a c t ic e  u s u a lly  re q u ire d  betw een 50 and 85 seconds to  
be reco rd ed . Thus th e  average w id th  o f th e  cadmium 
s ig n a l  was 7-18 mm. This can be compared to  th e  
f a c t  th a t  under c o n d itio n s  o f  p e r f e c t  p is to n  d isp la c e m e n t, 
th e  s ig n a l  would be exp ec ted  to  be ap p rox im ate ly  1 .5  mm 
in  w id th .
2 2 0
A second p o s s ib le  c o n tr ib u tio n  to  th e  b road  
s ig n a ls  observed  d u rin g  b re a th  a n a ly s is  may be th a t  
a to m iz a tio n  was incom plete  a t  th e  tim e th a t  flow  was 
resumed through  th e  bed . The a to m ize r was h e a te d  from 
am bient tem p era tu re  to  1500°C; a t  th e  same tim e th e  
sample was b e in g  a tom ized . Even though s to p -f lo w  
methods were used , th e  carbon bed d id  n o t reach  1500°C 
b e fo re  a s ig n a l  began to  be rec o rd e d . Flow was resumed 
through th e  c e l l  a f t e r  a 35-second p e r io d  p r im a r i ly  
because atom ized cadmium began to  d if fu s e  in to  th e  
l ig h tp a th  and cause a b so rp tio n  a t  t h i s  tim e . However, 
th e  bed tem p era tu re  a f t e r  35 seconds was ap p rox im ate ly  
1000-1100°C and i t  was p o s s ib le  th a t  p o r tio n s  o f th e  
bed were even c o o le r .  T h e re fo re , i t  was p o s s ib le  
th a t  n o t a l l  the  cadmium was atom ized a t  t h i s  tim e .
Some m eta l may be r e le a s e d  and i t s  absorbance reco rd ed  
a t  a l a t e r  tim e, when th e  a to m ize r has reached  upper 
te m p e ra tu re s . A b ro a d e r , l e s s  e a s i ly  d e te c te d  s ig n a l  
would r e s u l t .
In  o rd e r  to  d e te c t  cadmium in  b re a th  i t  would be 
n e c e ssa ry  to  tak e  a  much l a r g e r  sam ple, perhaps 10 
l i t e r s  o r  more. T h is amount o f  sample was v ery  d i f f i c u l t  
to  c o l l e c t  u s in g  th e  d e sc rib e d  p ro ced u re . At a flow  
r a t e  o f  200 cm3/m in , 50 m inutes o f  b re a th  would be 
re q u ire d  to  c o l l e c t  a  1 0 - l i t e r  sam ple. The c o l le c t io n  
o f such a  sample would be in c o n v e n ien t and uncom fortab le
fo r  th e  in d iv id u a l  b e in g  te s t e d .  I t  was co n sid e red  
th a t  an in c re a s e  in  th e  sample flow  r a te  through th e  
a to m ize r would no t be b e n e f i c i a l  because t h i s  would 
d ec rease  th e  p r o b a b i l i ty  o f a l l  components o f th e  
sample b e in g  adsorbed  onto  th e  a c t iv e  carbon.
CONCLUSIONS AND SUMMARY
1. The c o n c e n tra tio n  o f cadmium b o th  in  th e  la b o ra to ry  
a i r  and in  exhaled  b re a th  was too  low to  be d e te c te d
in  a 2 - l i t e r  sample u s in g  th e  q u a r tz  "T" a to m ize r.
The cadmium c o n c e n tra tio n  o f  b re a th  th e re fo re  was 
l e s s  th an  10-1* yg/m3. The average d a i ly  e x c re tio n  
o f cadmium through  th e  b re a th  must be l e s s  than  1 ng.
2. The r e s u l t s  o f  t h i s  study  by no means d isp ro v ed  
th e  e x c re t io n  o f  cadmium in  th e  b re a th .  V o la t i le  
cadmium compounds may be p re s e n t  a t  c o n c e n tra tio n s  l e s s  
th an  10-l+ yg/m3. A method o f g r e a te r  s e n s i t i v i t y ,  o r 
some means o f co n v e n ien tly  c o l le c t in g  l a r g e r  sam ples, 
would be n e c e ssa ry  to  determ ine w hether cadmium was 
indeed  ex h a led  in  th e  b re a th .
PART II
METAL SPECIATION BY 
DIFFERENTIAL ATOMIZATION
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CHAPTER 6
DIFFERENTIAL ATOMIZATION USING A PLATINUM LOOP -  
CARBON BED DUAL STAGE ATOMIZER
A. INTRODUCTION
I t  has become in c re a s in g ly  e v id e n t in  re c e n t  y ea rs  
th a t  the  to x ic i ty  of a m eta l i s  dependent n o t only  on 
i t s  c o n c e n tra tio n  b u t a ls o  upon the  p a r t i c u l a r  chem ical 
fo rm .174 The ion  o r compound form o f an elem ent in  the 
environm ent w i l l  o f te n  determ ine i t s  to x ic  e f f e c t s  in  
man and an im a ls ; th e  form o f a m eta l in  th e  body w i l l  
determ ine i t s  m e tab o lic  e f f e c t s .  S p e c ia tio n  o f heavy 
m eta ls  has a ls o  become im p o rtan t in  th e  c o n s id e ra tio n  
o f s y n e r g i s t i c  e f f e c t s  o f  groups o f e lem ents in  th e  
b io sp h e re .
There have been many exam ples o f th e  im portance of 
chem ical form in  d e te rm in in g  heavy m eta l t o x i c i t y .  1 I t  
has been known, fo r  in s ta n c e ,  th a t  h e x a v a le n t chromium 
i s  more to x ic  than t r i v a l e n t  chromium. N ick e l carbony l 
i s  known to  be much more dangerous in  i n d u s t r i a l  
environm ents than m e ta l l ic  n ic k e l  o r i t s  o th e r  compounds. 
Lead to x ic i ty  a ls o  depends on th e  chem ical form; the  
c a rb o n a te , monoxide and s u l f a te  a re  known to  be more 
to x ic  than  m e ta l l ic  le a d . A lkyl le a d  compounds a re  even 
more to x ic  than  th e  oxy-an ion  s p e c ie s .
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Some o f  the d i f f e r e n c e s  in  t o x i c i t y  f o r  v a r io u s  
m eta l  s p e c ie s  a re  due to  d i f f e r e n c e s  in  th e  e f f i c i e n c y  
o f  a b so rp t io n  i n to  the  body o r  in to  th e  b lood c e l l s .
I t  a l s o  has been known th a t  v a r i a t i o n s  e x i s t  i n  th e  
m etab o lic  pathways fo llow ed  by d i f f e r e n t  chemical 
forms w i th in  th e  body, causing  some compounds to  be 
more e a s i l y  d e to x i f i e d  than o th e r s .  G eo log ica l and 
env ironm enta l s tu d i e s  have shown th a t  the m eta l form 
a f f e c t s  the  i n t e r a c t i o n  o f t r a c e  m eta ls  w ith  b io lo g i c a l  
o rganism s, s ed im en ts ,  suspended p a r t i c l e s ,  and w a te r . 1 7 5  
One such s tudy  showed th e  v a ry in g  t o x i c i t y  o f copper 
compounds in  n a t u r a l  w a te r s .  A nionic hydroxy-copper 
complexes were found to  cause 15-18% o f  th e  observed 
t o x i c i t y ,  w h ile  f r e e  copper and n e u t r a l  o r  c a t io n ic  
hydroxy complexes were r e s p o n s ib le  f o r  60-70% of th e  
copper t o x i c i t y  seen  in  the s tu d y . 1 7 6
1. C urren t Methods f o r  M etal S p e c ia t io n  A nalys is
In  view of t h i s  e v id e n c e ,  i t  i s  ap p aren t t h a t  
a n a l y t i c a l  tech n iq u es  a re  becoming in c r e a s in g ly  n ecessa ry  
to  p ro v id e  n o t  only  t o t a l  m e ta l  a n a ly s is  bu t a l s o  to  
d i f f e r e n t i a t e  between m eta l compounds. U n fo r tu n a te ly ,  
only a l im i te d  number of tech n iq u es  a re  c u r r e n t ly  a v a i l ­
a b le  to  accom plish t h i s  t a s k .  Many p ro ced u res  designed  
fo r  m eta l  s p e c ia t io n  in v o lv e  f i r s t  a s e p a ra t io n  s t e p ,  
u s in g  a chrom atographic  tech n iq u e  o r  perhaps  s e q u e n t ia l  
chem ical e x t r a c t i o n s , 1 7 7  fo llow ed  by d e te rm in a tio n  o f
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the  m eta l c o n te n t  o f  each f r a c t i o n .  N eedless to  say , 
th e se  methods a re  time-consuming, in c o n v e n ie n t ,  and 
s u b je c t  to  many so u rces  o f e r r o r .  A l t e r n a t iv e ly ,  some 
r e s e a rc h e r s  have used anodic s t r i p p i n g  voltam m etry 1 7 8  
o r  po larography  f o r  d i f f e r e n t i a t i n g  m eta l s p e c ie s .  A 
comprehensive d is c u s s io n  of such methods as a p p l ie d  
to  z in c  a n a ly s is  i n  w a te r  samples can be found in  a review  
by F lo re n c e . 1 7 9
The m a jo r i ty  o f  m eta l s p e c ia t io n  tech n iq u es  have 
invo lved  coup ling  a gas o r  l i q u id  chromatograph to  a 
m eta l  s p e c i f i c  d e t e c t o r . I 8 0 -! "  The chrom atographic  s ta g e  
s e p a ra te s  v a r io u s  m eta l  compounds by r e t e n t io n  tim e.
The co n v en tio n a l  chrom atographic  d e te c to r  i s  re p la c e d  by 
one which w i l l  respond only to  the m e ta l -c o n ta in in g  
compounds. Techniques such as atom ic a b s o rp t io n ,  atomic 
f lu o re s c e n c e ,  o r  em iss ion  sp ec tro sco p y  d e te c t  the  m eta ls  
p r e s e n t ,  w h ile  the chromatograph s e p a ra te s  th e  v a r io u s  
chem ical forms. Such a coupled system  does n o t  d e te c t  
n o n -m e ta l l ic  compounds p r e s e n t  i n  the  s o lv e n t  o r  in  
the  sample m a t r ix ,  and th e r e fo r e  the  spectrum  produced 
i s  g r e a t ly  s im p l i f i e d .
A review o f  the methods f o r  m eta l s p e c i a t io n  by 
coup ling  chromatography to  atomic sp ec tro m etry  has been 
p u b l ish e d  to  Van Loon . 1 8 0  The e a r l i e s t  a t te m p ts  a t  
such coupled systems employed gas chromatography w ith  
em iss ion  d e te c to r s  such as microwave plasma em iss ion
(McCormack, e t  a l . , 1965)181 and flame photometry (Ju v e t 
and Durbin, 1966, and Zado and J u v e t ,  1 9 6 6 ) .182 * 1 8 3  
Plasma em iss ion  d e te c t io n  systems were plagued by the  
problem o f  too  much s o lv e n t  e x t in g u is h in g  th e  plasma.
Flame p h o to m etr ic  d e te c to r s  had the  d isadvan tage  th a t  
only  those  e lem ents  which had s t ro n g  em iss ion  in  a 
flame could be determ ined.
Most commonly, atomic a b so rp t io n  spec tro m etry  (AAS) 
has been used as a m e ta l - s p e c i f i c  d e te c to r  f o r  chromato­
g rap h ic  e f f l u e n t s . 1 8 4 - 1 9 7  Atomic a b so rp t io n  i s  well-known 
and w id e ly -u sed  techn ique  in  most a n a l y t i c a l  l a b o r a t o r i e s ;  
i t  i s  a l s o  r e l a t i v e l y  f r e e  from s p e c t r a l  i n t e r f e r e n c e  
problem s. These advantages  s t im u la te d  the  development 
o f  s e v e ra l  chromatographic-AAS system s. A comprehensive 
review  o f  the  r e p o r te d  s p e c ia t io n  methods u s in g  atom ic 
a b so rp t io n  has been p u b l ish e d  by Fernandez . 1 8 4
2. Coupled Methods f o r  M etal S p e c ia t io n  Using Atomic 
A bsorp tion  Spectroscopy
Atomic a b s o rp t io n  was f i r s t  used as  a m e ta l-  
s p e c i f i c  d e t e c to r  f o r  gas chromatography (GC) by Kolb, 
e_t a l . , in  1966. 1 8 5  He used h i s  system  to  s e p a ra te  the  
le a d  a lk y ls  in  g a s o l in e .  Gonzalez and Ross1 8 8  and 
Longbottom 1 8 7  used GC-AAS to  s e p a ra te  mercury compounds; 
th e  GC e f f l u e n t  was burned and the  r e s u l t i n g  mercury 
vapors  were d e te c te d  by p u l l i n g  them through  a  q u a r tz  
tube in  the  l i g h t  p a th .  Gas chromatography a l s o  has
been coupled to  g r a p h i te  fu rn ace  atomic a b s o rp t io n  by 
Robinson, ejt j a l . ,  f o r  the  d e te rm in a tio n  o f  le a d  a lk y l s  
in  g a s o l in e . 1 8 8  A s im i l a r  system  has been d e sc r ib e d  by 
S egar . 1 8 9
In a d d i t io n  to  GC, l i q u i d  chromatography has been 
l in k e d  to  atomic a b so rp t io n  f o r  m eta l  s p e c ia t io n  s tu d i e s .  
S ev era l  a p p l i c a t io n s  u t i l i z i n g  t h i s  type o f system have 
been d e sc r ib e d  by Van Loon, e_t a l . 1 9 0  Manahan and Jones 
re p o r te d  the  use o f io n  exchange coupled to  AAS fo r  
the  d e te rm in a tio n  o f  c h e la t in g  a g e n ts . 1 9 1  The compounds 
were s e p a ra te d  as copper complexes. Ion exchange-AAS 
a l s o  has been used to  s e p a ra te  m eta l compounds from 
o th e r  m a tr ix  components in  b i o l o g i c a l  s a m p le s ,181* and 
to  s p e c ia te  a r s e n ic  and mercury a t  th e  ng/ml l e v e l  in  
w a te r . 1 9 2  Yoza and Ohashi d e sc r ib e d  the  s e p a ra t io n  
o f  magnesium and p o tass ium  by g e l  chromatography-AAS . 1 9 3  
This system  a l s o  was used f o r  th e  s e p a ra t io n  o f  phosphate 
an ions  as magnesium complexes . 1 9 4
Atomic a b so rp t io n  has been coupled to  h ig h  performance 
l i q u i d  chromatography (HPLC) f o r  th e  d e te rm in a tio n  o f 
o rg a n o m e ta l l ic  chromium compounds . 1 9 5  Van Loon, e t  a l . , 
used HPLC-AAS f o r  s p e c ia t io n  o f  copper-amino a c id  
complexes and z in c  compounds in  l u b r i c a t i n g  o i l s . 1 9 0  
Systems a lso  have been d e sc r ib e d  which couple HPLC to  
a g r a p h i te  fu rnace  a to m iz e r .  C a n t i l lo  and Segar developed 
a system  which i n t e r r u p t e d  th e  e f f l u e n t  flow to  a llow
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a sample to  be i n j e c t e d  in to  a commercial, te m p era tu re -  
programmed g ra p h i te  tube a to m iz e r . 1 9 6  A s im i l a r  system  
was r e c e n t ly  used to  determ ine o rg an ic  le a d  compounds 
in  autom otive o i l s . 1 9 7  Van Loon, e t  a l . , d e sc r ib e d  the  
coup ling  o f  HPLC to  n o n -d is p e r s iv e  atom ic f lu o re sc e n c e  
sp ec tro scopy  f o r  m e ta l  s p e c i a t io n ,  b u t  th e  techn ique  
has no t been w idely  u sed . 1 9 8
A q u i t e  d i f f e r e n t  method fo r  d i s t in g u i s h in g  between 
complexed and io n ic  m e t a l l i c  s p e c ie s  u s in g  e l e c t r o ­
d e p o s i t io n  has r e c e n t ly  been r e p o r te d . 1 9 9  I t  was 
found th a t  complexed m eta ls  were n o t  removed from 
aqueous s o lu t io n s  when passed  through a  s t r i p p in g  
e le c t r o d e  and thus  could  be s e p a ra te d  from io n ic  s p e c ie s .
3. Need f o r  an Improved A n a ly t ic a l  Technique
A ll  o f  th e  above mentioned techn iques  accomplished 
s p e c ia t io n  o f  m eta ls  by two a n a l y t i c a l  methods th a t  
were e i t h e r  a p p l ie d  c o n s e c u t iv e ly  o r  coupled to g e th e r .
While many o f th e se  methods were s u c c e s s fu l ,  th e  f a c t  
t h a t  two tech n iq u es  were b e in g  employed caused 
a d d i t i o n a l  margin f o r  e r r o r ,  time o f  a n a l y s i s ,  and 
expense in  equipm ent. In  a d d i t i o n ,  th e se  tech n iq u es  
were l im i te d  to  th o se  samples f o r  which an a p p ro p r ia te  
gas o r  l i q u i d  chromatography column could  be found.
Many b io lo g i c a l  samples were u n s u i ta b le  f o r  chromato­
g rap h ic  a n a ly s is  w ith o u t  p re v io u s  breakdown o f  th e  m a tr ix .  
The development o f  a s p e c t ro s c o p ic  method which could
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accom plish both  s e p a ra t io n  and d e te c t io n  o f  m eta l 
compounds would o f f e r  d i s t i n c t  advantages in  s p e c ia t io n  
s tu d i e s .  I t  was b e l ie v e d  p o s s ib le  to  modify an atomic 
a b so rp t io n  sp e c tro m e te r  to  s e p a ra te  v a r io u s  m e ta l l i c  
compounds.
I t  has long been known th a t  atom ic a b so rp t io n  
sp ec troscopy  i s  s u b je c t  to  chemical i n t e r f e r e n c e s . 5 
These i n t e r f e r e n c e s  were caused by d i f f e r i n g  combined 
forms o f  the  elem ent o f  i n t e r e s t  v o l a t i l i z i n g  and 
a tom izing  a t  d i f f e r e n t  r a t e s  in  th e  a tom ize r .  I t  has 
long been the  goal o f s p e c t r o s c o p i s t s  to  e l im in a te  th ese  
in t e r f e r e n c e s ,  e i t h e r  by complexing the m eta l so t h a t  
a l l  atoms are  in  th e  same chemical form, o r  by 
a d ju s t in g  the a tom izer  design  or c o n d i t io n s  such th a t  
a l l  sp e c ie s  would be atomized w ith  equa l e f f i c i e n c y .
I t  seemed, however, t h a t  the  e x is te n c e  o f  th e se  chemical 
in t e r f e r e n c e s  could  p rov ide  a  means f o r  id e n t i f y in g  
v a r io u s  chem ical forms by ta k in g  advantage o f d i f f e r e n c e s  
in  a to m iz a t io n  e f f i c i e n c y .
4. Atom-Formation P ro cesses  in  G raph ite  Furnace 
Atomic A bsorp tion
A study o f  a tom -form ation  p ro c e sse s  in  carbon 
a to m ize rs  has been p u b l ish e d  by Campbell and O ttaw ay.2®® 
This s tudy  re v e a le d  th a t  most oxy-anion s a l t s  o f  m eta ls  
decompose to  th e  co rrespond ing  m eta l oxide  upon h e a t in g .  
Metal atom s, th e n ,  have been proposed  to  r e s u l t  from th e
r e d u c t io n  o f  th e  m e ta l  oxide by carbon, y ie ld in g  carbon 
monoxide and f r e e  gaseous m eta l atoms (Equation  4 ) . 2 0 0
MO(s) + C(s) +  CO(g) + M(g) (4)
The f r e e  energy change o f t h i s  r e a c t io n  can be 
c a l c u la te d ,  depending on th e  tem p era tu re ,  and a p r e d ic t io n  
can be made re g a rd in g  the tem pera tu re  a t  which t h i s  
r e a c t io n  becomes thermodynamically  f a v o ra b le .  This i s  
the tem pera tu re  a t  which a to m iza tio n  would beg in  to  
occur. This tem p era tu re  has been found to  vary  w idely  
w ith  th e  m eta l  ox ide in v o lv e d . 2 0 0
I t  was a l s o  n o t ic e d  du ring  the  s tu d ie s  d esc r ib e d  
above t h a t  s i g n i f i c a n t  lo s s  o f  m etal could occur a t  
tem p era tu re s  below th e  s o -c a l l e d  appearance tem p era tu re .
I t  was suggested  t h a t  t h i s  phenomenon r e s u l t e d  from an 
a l t e r n a t e  r e a c t io n  ta k in g  p la c e  (Equation  5 ) . 2 0 0
MO(s) + C(s) -*■ CO(g) + M(s) (5)
The f r e e  energy changes f o r  th e  convers ion  of 
m etal ox ides  in to  s o l i d  m e ta ls  become fa v o ra b le  a t  much 
lower te m p e ra tu re s . 2 0 0  The lo s s e s  o f  m eta l th e r e fo re  
would depend on th e  e x te n t  to  which t h i s  r e a c t io n  takes  
p la c e  and the  vapor p r e s s u re  o f th e  r e s u l t i n g  M(s) a t  
th e  tem pera tu re  in  q u e s t io n .  The o ccu rrence  o f the  
r e a c t io n  d e sc r ib e d  by Equa tion  5 could account fo r  
lo s s e s  o f  m e ta ls  d u r in g  ash ing  s ta g e s  in  commercial
g ra p h i te  fu rn a c e s .
M etal compounds which d id  n o t  decompose to  the  
oxide  in  th e  a to m ize r  would be expec ted  to  atom ize by 
d i f f e r e n t  mechanisms, and th e r e fo r e  a t  d i f f e r e n t  tempera­
t u r e s ,  than those  proposed  f o r  o x y - s a l t s .  I t  has been 
su g g es ted  th a t  c h lo r id e  s o lu t io n s  would be l e s s  d e s i r a b le  
f o r  use in  g ra p h i te  fu rn ace  AAS because they give a 
h ig h e r  degree o f  m o lecu la r  v o l a t i l i z a t i o n . 2 0 0
A ll  of th e se  c o n s id e ra t io n s  r e in fo rc e d  the  p o s s i ­
b i l i t y  th a t  s e l e c t i v e  v o l a t i l i z a t i o n  and a to m iza t io n  
o f  v a r io u s  m eta l s p e c ie s  could be accom plished w ith  AAS. 
Such a system  c a l l e d  f o r  a d u a l - s ta g e  a to m ize r .  The 
f i r s t  s ta g e  should  be v a r ia b le - te m p e ra tu re  c o n t r o l le d  
f o r  the purpose o f  v o l a t i l i z i n g  m etal compounds a t  
t h e i r  co rrespond ing  v a p o r iz a t io n  te m p e ra tu re s .  The 
second s ta g e  would be k e p t  a t  a tem p era tu re  s u f f i c i e n t  
f o r  a to m iz a t io n  o f any compound v o l a t i l i z e d  from th e  
i n i t i a l  s e c t io n .  I t  had been n o t ic e d  p re v io u s ly  
t h a t  some m e ta l  compounds v ap o r ized  a t  low tem p era tu res  
a t  which a to m iza t io n  was ex trem ely  i n e f f i c i e n t .  This 
design  avoided  th e  p o s s i b i l i t y  of any s p e c ie s  v a p o r iz in g  
in  th e  a to m ize r  a t  low tem p era tu re  and reach in g  the  
l i g h tp a th  w ith o u t b e in g  com ple te ly  atom ized.
For the  i n i t i a l  e x p e r im e n ta t io n  w ith  such a 
te c h n iq u e ,  i t  was dec ided  to  use a s im ple w ire  loop as 
the  i n i t i a l  s ta g e  o f th e  a to m iz e r .  Such an ap p a ra tu s
231
could  be e a s i l y  and simply c o n s tru c te d  and a t ta c h e d  
to  the  top o f  th e  q u a r tz  "T" a to m ize r ,  which would 
se rv e  as th e  second a to m iz a t io n  s ta g e .  A h e a t  s t a b l e  
and i n e r t  m eta l was n e c e s sa ry  f o r  f a b r i c a t i o n  o f  the  
w ire  loop . P la tinum  was th e  m a te r ia l  chosen.
5. The Use o f  Wire Loops in  Atomic A bsorp tion  
Spectroscopy
Wire loops have been used as a tom izers  fo r  
atomic a b s o rp t io n  by s e v e ra l  r e s e a r c h e r s .  For example, 
tan ta lum  ribbons  have been used , b u t they were found 
to  become b r i t t l e  a f t e r  re p e a te d  h e a t in g  c y c le s . 2 0 1  
Wire loops made o f  tu n g s te n  and p la tin u m 2 0 2  o r  o f  
a p la tinum -rhodium  a l l o y 2 0 3  were re p o r te d  as a tom izers  
fo r  atom ic f lu o re s c e n c e  s tu d i e s .  P la tinum  f i la m e n ts  
a lso  have been used to  p re c o n c e n t ra te  cadmium from 
u r in e  samples by e l e c t r o d e p o s i t i o n . 1 0 8  A fterw ards , 
the  loop was i n s e r t e d  i n t o  th e  l i g h t  p a th  o f an atom ic 
a b s o rp t io n  sp ec tro p h o to m ete r  and th e  cadmium absorbance 
m onitored as a v o l ta g e  was a p p l ie d  through th e  w ire .
E x tens ive  s tu d i e s  u s in g  a w ire  loop a tom izer  
made from a tu n g s ten -rh en iu m  a l lo y  have been p u b lish e d  
by West, e_t _al.2ul+ These w orkers r e p o r te d  s e n s i t i v i t i e s  
in  the  p a r t - p e r - b i l l i o n  range u s ing  a 5 - y l  sample.
P la tinum  loops  were i n v e s t i g a t e d  as a means of 
sample in t ro d u c t io n  to  th e  carbon bed a to m ize r  by a 
form er member o f  t h i s  r e s e a rc h  group . 7 3  U n fo r tu n a te ly ,
problems were encoun te red  in  r e p r o d u c i b i l i t y  using  
t h i s  sampling p ro ced u re .  Manning, e t  a l . , a l s o  r e p o r te d  
th e  use o f  a w ire  loop f o r  th e  in t ro d u c t io n  o f  samples 
in to  a  h e a te d  g r a p h i te  fu rn ace  a to m iz e r . 2 0 5  In  th ese  
c a se s ,  the w ire  f i la m e n t  was n o t  used as an a to m ize r ,  
b u t s imply se rv ed  to  in t ro d u c e  a sample a l iq u o t  in to  
the  carbon fu rn ace  o r  bed .
In  th e  s tu d i e s  d e sc r ib e d  in  t h i s  d i s s e r t a t i o n ,  a 
p la tin u m  loop has  been used both  f o r  sample in t ro d u c t io n  
and f o r  a prim ary  a to m iz a t io n  o r  v o l a t i l i z a t i o n  s ta g e .
The ap p a ra tu s  used was q u i t e  u n re f in e d  and was designed  
sim ply to  dem onstra te  the  p o t e n t i a l  o f  th e  d ua l 
a to m iz a t io n  tech n iq u e  in  d i s t in g u i s h in g  between v a r io u s  
m eta l s p e c ie s .  These s tu d i e s  thus  were designed  fo r  
q u a l i t a t i v e  r a t h e r  than  f o r  q u a n t i t a t i v e  p u rp o ses ,  
and would se rv e  as an i n i t i a l  i n d i c a t i o n  o f the  type 
of in fo rm a tio n  which could be o b ta in e d  by such a 
t e c h n iq u e .
EXPERIMENTAL
1. Equipment
The components o f  th e  atom ic a b s o rp t io n  s p e c t ro ­
m eter were the  same as p re v io u s ly  d e s c r ib e d  f o r  the  
d e te rm in a tio n  o f  cadmium in  b i o l o g i c a l  m a t e r i a l s .  The 
top  o f th e  q u a r tz  "T" a to m ize r  was f i t t e d  f o r  th e se  
s tu d ie s  w ith  th e  p la t in u m  loop a p p a ra tu s  as  shown in
Figure  31. A loop o f  p la t inum  w ire  (0.005 i n . )  
was spo t-w elded  to  nichrome w ire  le a d s  which had 
been th re ad ed  through a ceramic tube f o r  i n s u l a t i o n  
p u rp o ses .  This assembly was h e ld  approx im ate ly  3 cm 
above the  su r fa c e  o f  th e  carbon bed by means o f  a 
rub b er  s to p p e r  which was f i t t e d  in to  th e  opening o f the  
s t a i n l e s s  s t e e l  a to m ize r  head. The s to p p e r  a l s o  h e ld  
a  q u a r tz  c a p i l l a r y  tube which extended to  th e  l e v e l  
of th e  carbon bed s u r fa c e  and an a d d i t i o n a l  i n l e t  tube 
which ex tended  only about 0 .7  cm through th e  s to p p e r .  
The s h o r t e r  i n l e t  was connected to  a source  o f scrubbed 
n i t ro g e n  gas and p rov ided  an i n e r t  atmosphere around 
the  w ire  loop. The lo n g e r  c a p i l l a r y  i n l e t  was open 
to  th e  a i r  and se rv ed  to  in t ro d u c e  oxygen a t  th e  l e v e l  
o f  th e  carbon bed; t h i s  oxygen was n e c e ssa ry  fo r  
e f f i c i e n t  a to m iz a t io n  in  th e  carbon bed.
A d d i t io n a l  equipment n ec e ssa ry  f o r  the  p la t inum  
loop a p p a ra tu s  was as  fo llo w s .
a .  V ar iab le  t ra n s fo rm e r :  V ariac  Type V5
b . F ilam ent t r a n s fo rm e r :  S tan co r  No. P-6432, 5 
v o l t  step-down
c. Stopwatch
O ther equipment u t i l i z e d  in  th e se  s tu d i e s  has been 
p re v io u s ly  d e sc r ib e d  in  Chapter 1. A schem atic  diagram 
o f  the  w ire  loop c i r c u i t  can be found in  F igu re  32.
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FIGURE 31
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FIGURE 32
Schematic Diagram of 
the Wire Loop Circuit
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2. Chemicals
Aqueous s to c k  s o lu t io n s  o f 1000 ppm co ncen tra ­
t i o n  were p rep ared  o f  the  fo llo w in g  le a d  and cadmium 
s a l t s .  These s o lu t io n s  were d i l u t e d  to  o b ta in  s tan d a rd s  
o f  the  d e s i r e d  c o n c e n tra t io n s  f o r  v a r io u s  s tu d i e s .
a. CdCl2
b. Cdl2
c. Cd(N03) 2 : p re p a re d  by d i s s o lu t i o n  o f  Cd m etal
in  HN03
d. CdS0i+
e .  Cd (C2 H30 2) 2
f .  PbCl2
g. Pb (N03) 2
h. Pb(C2 H302 ) 2
S a tu ra te d  s o lu t io n s  o f  th e  fo llo w in g  in s o lu b le  lead  
and cadmium compounds were p rep a red  by p la c in g  0.5 g o f  th e  
compound in to  1 0 0  ml o f  w a te r  and a llow ing  the  s o lu t io n s  
to  s ta n d  a t  l e a s t  24 hours  a t  room tem p era tu re .
i .  CdS 
j .  CdC0 3 
k . CdO
1. PbSOi* 
m. PbC03 
n. PbO
o. Pb02  
p . Pb 30it
In  a d d i t io n ,  a  1000 ppm s o lu t io n  o f  EDTA was p re ­
pared  from th e  disodium s a l t .
3. Sampling Procedure
P r io r  to  a n a ly s i s  u s ing  t h i s  system bo th  th e  
carbon bed and th e  p la tin u m  loop were c leaned  of 
s u r fa c e  m eta l con tam ina tion  by h e a t in g  to  1500°C 
under a i r .  H eating  was con tinued  u n t i l  the s ig n a l  
reco rded  a t  th e  a p p ro p r ia te  resonance l i n e  re tu rn e d  to  
b a s e l in e .  The bed was allow ed to  remain ho t w hile  the 
loop was cooled to  r e c e iv e  a sample.
Samples were p la c e d  on the  p la tin u m  loop by simply 
d ipp ing  the  loop in to  the  s o lu t io n  to  be ana lyzed . The 
su r fa c e  te n s io n  o f th e  l i q u i d  samples was s u f f i c i e n t  
to  ho ld  approx im ate ly  1  to  2  p i  w i th in  the  tu rn s  o f 
th e  loop . The loop ap p a ra tu s  co n ta in in g  th e  sample 
was then  p laced  in to  th e  top o f  the  a to m ize r  over  the  
hot carbon bed. The loop was g ra d u a l ly  h e a ted  by 
manually c o n t r o l l i n g  a V ar iac ,  the reb y  in c re a s in g  the  
v o l ta g e  passed  th rough  the  f i la m e n t .  The h e a t in g  
r a t e  was c o n t r o l l e d  by t im ing  th e  i n t e r v a l s  o f  in c r e a s e  
in  v o l ta g e .  The h e a t in g  r a t e  commonly used was ach ieved  
by tu rn in g  the  V ariac  two u n i t s  (where 0-100 u n i t s  
r e p re s e n te d  f u l l  s c a le )  every  5 seconds. At t h i s  r a t e ,  
the  p la tinum  loop in c re a se d  in  tem p era tu re  from 
ambient c o n d i t io n s  to  1500°C in  approx im ate ly  4 
m inu tes .  The V ariac  was in c re a se d  from a s e t t i n g  o f
zero  to  about 90 u n i t s  du ring  t h i s  h e a t in g  p ro c e ss .
During h e a t in g  o f  th e  p la tin u m  w ire ,  a  flow of 
n i t r o g e n  in  excess  o f  2 0 0  cc/min was m ain ta ined  through  
an i n l e t  which te rm in a te d  n e a r  the  loop (F igure  31). 
This m a in ta ined  an i n e r t  atmosphere around th e  loop 
which p re se rv e d  th e  chemical form o f  th e  m e ta ls  in  
th e  sample du ring  th e  h e a t in g  p ro c e s s .  The e f f e c t  o f  
h e a t in g  in  th e  p resen ce  of a i r  a lso  was in v e s t ig a t e d ;  
the  t r a c e s  o b ta in e d  were q u i t e  d i f f e r e n t  from th o se  
observed  under the  n i t r o g e n  purge.
For a l l  a n a ly s e s ,  a i r  was a llow ed to  e n t e r  th e  
a tom izer  a t  th e  l e v e l  o f th e  carbon bed by means o f 
a q u a r tz  c a p i l l a r y  tube  (F igu re  31). This arrangement 
p ro v id ed  the  oxygen n e c e ssa ry  f o r  complete a to m iza tio n  
to  tak e  p la c e  in  th e  bed.
A f te r  each sample run was completed and th e  loop 
was s t i l l  h e a te d ,  th e  n i t r o g e n  flow was d iv e r te d  and 
a i r  was p u l le d  th roughou t th e  a to m ize r .  This p r a c t i c e  
a s su re d  the  complete breakdown and a to m iz a t io n  of 
a l l  components o f  th e  sample and p rev en ted  any memory 
e f f e c t s  from in f lu e n c in g  subsequent sam ples.
Successive  samples could be analyzed  by t h i s  te c h ­
n ique  by simply c o o lin g  th e  w ire  lo o p , then  removing 
the loop ap p ara tu s  to  apply  a n o th e r  sample. I t  should  
be p o in te d  ou t t h a t  w h ile  p o s i t io n e d  in  th e  top o f th e  
a to m iz e r ,  th e  p la t in u m  w ire  was exposed to  th e  h e a t  o f
th e  carbon bed below. Thus, th e  loop  was p a r t i a l l y  
h e a te d  by i t s  p ro x im ity  to  th e  carbon bed even w ith  no 
a p p l i c a t io n  o f  v o l ta g e .
The a b so rp t io n  s p e c t r a  o b ta in e d  u s ing  t h i s  te c h ­
n ique  may be b e s t  d e sc r ib e d  as a b s o rp t io n  t r a c e s .  
D i f f e r e n t  forms of th e  m eta l o f  i n t e r e s t  t h e o r e t i c a l l y  
would v ap o r ize  o f f  th e  p la tin u m  loop a t  d i f f e r e n t  
te m p e ra tu re s .  This would be expec ted  to  y i e l d  d i f f e r e n t  
t r a c e s  f o r  each m eta l  compound, w i th  peaks o c c u r r in g  
a t  tem p era tu res  c h a r a c t e r i s t i c  f o r  t h a t  compound.
A bsorp tion  s p e c t r a  were reco rd ed  u s in g  the  
resonance l i n e s  o f 2288A f o r  cadmium and 28331 f o r  le a d .  
M olecular background was m onitored  a t  th e  non-resonance 
l i n e s  of 2266A f o r  cadmium and 28051 fo r  le a d .
The s e n s i t i v i t y  o f  th e  a n a ly s i s  o f le a d  and 
cadmium s a l t s  was found to  be poor; 1 0  to  1 0 0  ppm so lu ­
t io n s  were n e c e s sa ry  to  produce a d e te c ta b le  s ig n a l .  
Because o f  t h i s ,  i t  was of i n t e r e s t  to  f in d  i f  any 
cadmium remained on the  p la tinum  loop a f t e r  s e v e ra l  
a n a ly se s  o f  cadmium s o lu t i o n s .  In  o rd e r  to  i n v e s t i g a t e  
t h i s  p o s s i b i l i t y ,  a scan o f  the  p la t in u m  w ire  was 
o b ta in e d  u s ing  E le c t ro n  Spectroscopy fo r  Chemical 
A n a ly s is  (ESCA).
RESULTS
1. Lead and Cadmium In o rg an ic  Compounds
A bsorp tion  t r a c e s  were o b ta in e d  u s in g  the  
d e sc r ib e d  techn ique  fo r  a l l  th e  p re v io u s ly  l i s t e d  le a d  
and cadmium compounds. The so lu b le  s a l t  s o lu t io n s  
analyzed  were o f 1 0  ppm c o n c e n tra t io n  f o r  th e  cadmium 
compounds and 100 ppm fo r  the  le a d  compounds. In  
a d d i t io n ,  s a tu r a te d  s o lu t io n s  o f  s e v e ra l  in s o lu b le  
cadmium and le a d  compounds were ana ly zed . Example 
t r a c e s  f o r  th e se  s o lu t i o n s ,  to g e th e r  w ith  t h e i r  
r e s p e c t iv e  background a b so rp t io n  t r a c e s ,  a r e  i l l u s t r a t e d  
in  the n e x t  s e v e ra l  F ig u res  (F ig u res  33-48). I t  could  
be seen t h a t  th e  t r a c e s  d i f f e r e d  fo r  th e  d i f f e r e n t  
s a l t s .
2. E f f e c t  o f  EDTA
M ixtures were made o f aqueous cadmium and le a d  
s o lu t io n s  w ith  EDTA in  o rd e r  to  i n v e s t i g a t e  the e f f e c t  
o f  complexing on th e  observed  a b s o rp t io n  t r a c e s .  Example 
t r a c e s  a re  p re se n te d  f o r  CdCl2  p lu s  EDTA in  b o th  1 :1 /2  
and 1 :4  m olar r a t i o s  (F ig u res  49 and 50) as  w e l l  as 
f o r  Pb(N0 3 ) 2  p lu s  EDTA in  a 1:1 molar r a t i o  (F igure  5 1 ) .  
I t  was observed  t h a t  th e se  t r a c e s  d i f f e r e d  from those  
o f  t h e i r  r e s p e c t iv e  pure s a l t s .
3. B io lo g ic a l  Samples
Whole blood samples were ana lyzed  f o r  bo th  
cadmium and le a d  u s in g  the  p la tin u m  loop te c h n iq u e .
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FIGURE 33
CdCl2 , 10 ppm
This f ig u re  shows the  a b s o rp t io n  
t r a c e s  o b ta in ed  fo r  a 1 0  ppm 
s o lu t io n  o f  CdCl2  u s in g  the 
p la tinum  loop a p p a ra tu s .
(a)  Resonance a b s o rp t io n  (2288 A)
(b) Background (2266 A).
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FIGURE 3 4  
C d l 2 , 10 ppm
This f ig u r e  shows the  a b s o rp t io n  
t ra c e s  o b ta in ed  fo r  a 1 0  ppm 
s o lu t io n  o f Cdl2  u s in g  the  
p la tinum  loop a p p a ra tu s .
•60
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (2266 A).
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FIGURE 35 
C d ( N 0 3) 2» lOppm
This f ig u re  shows the  a b s o rp t io n  
t r a c e s  o b ta in ed  fo r  a 1 0  ppm 
s o lu t io n  o f Cd(N03 ) 2  u s in g  the
p la tin u m  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2283 A).
(b) Background (226 6  A). . 4 0
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FIGURE 3 6  
C d S 04 , 10 ppm
This f ig u r e  shows th e  a b s o rp t io n  
t r a c e s  o b ta in e d  f o r  a 1 0  ppm 
s o lu t io n  o f  CdS04  u s in g  the  
p la tin u m  loop a p p a ra tu s .
li
(a )  Resonance a b s o rp t io n  (2288 A)
(b) Background (226 6  A).
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FIGURE 37  
Cd (C^H^O^)^» 10 ppm
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  
o b ta in e d  fo r  a 1 0  ppm s o lu t io n  of
C d (C ^ 3 0 2 ) 2  u s in g  the  p la tin u m  loop 
a p p a r a tu s .
( a )  Resonance a b s o rp t io n  (2283 A).
(b) Background (226 6  A).
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FIGURE 38  
C d C O j ,  sa tura ted
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in e d  fo r  a s a tu r a te d  
s o lu t io n  o f CdCC>3 u s in g  the  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (226 6  A).
■40
■20
8000 1400
TEMPERATURE (°C)
% 
A
B
SO
R
PT
IO
N
247
FIGURE 3 9  
Cd S, saturated
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  
o b ta in ed  fo r  a s a tu r a te d  s o lu t io n
of  CdS u s in g  the  p la tin u m  loop 
a p p a r a tu s .
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (2266 A). ■40
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FIGURE 4 0  
Cd 0 ,  saturated
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a s a tu r a te d  
s o lu t io n  o f  CdO u s in g  th e  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (2266 A).
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FIGURE 41 
PbClg, lOOppm
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a 100 ppm 
s o lu t io n  o f PbCl2  u s in g  the  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2833
(b) Background ( 2 8 0 5  A). 4 0
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FIGURE 42
Pb(N0 3 )2 , 100 ppm
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a 100 ppm 
s o lu t io n  o f  Pb(N03 ) 2  u s in g  the  p la tin u m  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2833 A)*
(b) Background ( 2 8 0 5  A).
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FIGURE 4 3  
Pb(C2 H3 0 2)2 , lOOppm
This f ig u r e  shows th e  a b s o rp t io n  t r a c e s  
o b ta in ed  fo r  a 1 0 0  ppm s o lu t io n  o f  
P B (C ^ 3 0 2 ) 2  u s in g  the  p la t inum  loop 
a p p a r a tu s .
(a )  Resonance a b s o rp t io n  (2833 A) •
(b) Background ( 2 8 0 5  A).
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FIGURE 4 4
PbS0 4 , saturated
This f ig u r e  shows th e  a b s o rp t io n  t r a c e s  o b ta in e d  fo r  a s a tu r a te d  
s o lu t i o n  o f  PbS04 u s in g  the  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  ( 2 8 3 3  A).
(b) Background ( 2 8 0 5  A).
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FIGURE 45
PbCOj, saturated
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a  s a tu r a te d  
s o lu t i o n  o f PbC03 u s in g  the  p la t in u m  loop a p p a ra tu s .
(a)  Resonance a b s o rp t io n  ( 2 8 3 3  A).
(b) Background ( 2 8 0 5  A).
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FIGURE 46
PbO, saturated
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  f o r  a s a tu r a te d  
s o lu t io n  o f PbO u s ing  the  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  ( 2 8 3 5  A).
(b) Background ( 2 8 0 5  A).
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FIGURE 4 7  
P b 0 2 , sa tu ra ted
This f ig u r e  shows th e  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a s a tu r a te d  
s o lu t io n  o f  Pb02 u s in g  the  p la tinum  loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2833 A).
(b) Background ( 2 8 0 5  A).
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FIGURE 48
Pb^Qa, saturated
This f ig u r e  shows th e  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a s a tu r a te d  
s o lu t i o n  o f  Pb304 u s in g  the  p la tinum  loop ap p a ra tu s .
(a )  Resonance a b s o rp t io n  ( 2 8 3 3  -M •
(b) Background ( 2 8 0 5  A).
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FIGURE 4 9  
10ppm CdCI2+ EDTA (hJfe molar ratio)
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a m ix tu re  o f  
10 ppm CdCl2 and EDTA in  a 1 r1/ 2 molar r a t i o  u s in g  the  p la tinum  
loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (226 6  A).
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FIGURE 5 0  
10 ppm CdCI2+ EDTA (1:4 molar ratio)
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  fo r  a m ix ture  o f  
10 ppm CdCl2 and EDTA in  a 1 :4  molar r a t i o  u s in g  th e  p la tinum  
loop a p p a ra tu s .
C
(a )  Resonance a b s o rp t io n  (2288 A).
(b) Background (2266 A).
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FIGURE 51 
100 ppm Pb(N03)2+ EDTA (l!l molar ratio)
This f ig u r e  shows the  a b s o rp t io n  t r a c e s  o b ta in ed  f o r  a m ixture o f 
100 ppm Pb(N03 ) 2  and EDTA in  a 1:1 molar r a t i o  u s in g  the  p la tinum  
loop a p p a ra tu s .
(a )  Resonance a b s o rp t io n  ( 2 8 3 3  ^)*
(b) Background ( 2 8 O5  A).
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The r e s u l t i n g  s p e c t r a l  t r a c e s ,  b o th  resonance and 
background, can be found in  F ig u res  52 and 53. Urine 
and sweat samples were a ls o  ana lyzed  f o r  cadmium, b u t  
no d e te c ta b le  a b s o rp t io n  was reco rded  f o r  e i t h e r  type 
o f  sample.
4. ESCA S tu d ie s
An ESCA spectrum  was o b ta in e d  on th e  p la tinum  
w ire  a f t e r  s e v e ra l  aqueous cadmium s o lu t io n s  had been 
h e a ted  u s ing  th e  loop . I t  was hoped t h a t  th e se  s tu d ie s  
would show w hether any cadmium remained on th e  w ire 
a f t e r  th e  h e a t in g  c y c le  was completed.
To p rov ide  a "known" sample, a p ie c e  o f  p la tin u m  
w ire  was soaked in  a 5M s o lu t io n  o f  CdCl2  f o r  ap p ro x i­
m ate ly  60 h o u rs .  The w ire  was then  removed from th e  
s o lu t io n  and the s o lu t io n  was allow ed to  dry on th e  
s u r f a c e .  The ESCA spectrum  o b ta in e d  on t h i s  sample 
i s  shown in  F igure  54. I t  can be seen t h a t  bo th  th e  
p la tin u m  and the  cadmium peaks were o f  unexpected ly  low 
i n t e n s i t y .
The ESCA spectrum  o b ta in e d  on th e  p la tin u m  loop 
from the  a to m ize r  i s  shown in  F igure  55. A s c a l e -  
expanded spectrum  o f  the  reg io n  between 400-450 eV i s  
shown in  F igure  56. The p la tin u m  s ig n a l  ag a in  was 
sm a ll ,  and no cadmium s ig n a l  was observed .
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FIGURE 52 
WHOLE BLOOD
This f ig u r e  shows the  
a b s o rp t io n  t r a c e s  ob­
ta in e d  fo r  cadmium in  
whole blood u s ing  the 
p la tin u m  loop a p p a ra tu s .
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FIGURE 53too
WHOLE BLOOD
This f ig u r e  shows the  a b s o rp t io n  
t r a c e s  o b ta in e d  fo r  lead  in  whole 
blood us ing  the  p la tinum  loop 
a p p a r a tu s .
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FIGURE 54
This f ig u re  shows the  ESCA spectrum 
ob ta in ed  fo r  a p la tinum  w ire  coa ted  
w ith  5M CdCl2 .
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FIGURE 55
This f ig u re  shows the  ESCA spectrum 
o b ta in ed  fo r  th e  p la tinum  loop from 
the  a tom izer  a p p a ra tu s .
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FIGURE 56
This f ig u re  shows a s c a le  expansion  o f  the  ESCA spectrum 
o b ta in ed  fo r  the  p la tin u m  loop from the  a tom izer  in  the  re g io n  o f
cadmium em iss ion .
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FIGURE 56
This f ig u re  shows a s c a le  expansion o f  the  ESCA spectrum 
o b ta in ed  fo r  the  p la tinum  loop from the  a tom izer  in  the  re g io n  o f
cadmium em iss ion .
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DISCUSSION
1. General O bservations  Concerning the  P la tinum  Loop
Method
a. A bsorp tion  Traces
The f i r s t  and most im portan t o b se rv a t io n  
was th a t  the  a b so rp t io n  t r a c e s  o f  s o lu t io n s  o f  d i f f e r e n t  
le a d  and cadmium compounds were o f  d i f f e r e n t  shapes.
This indeed  in d ic a te d  th a t  a d i s t i n c t i o n  was made 
between d i f f e r e n t  chemical forms o f an element u s ing  
t h i s  te c h n iq u e .  The r e s u l t s  suggested  t h a t  th e  d i f f e r e n t  
forms o f  the  m eta l v ap o r ized  o f f  th e  p la tin u m  loop 
a t  tem p era tu re s  c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  com­
pound. The vaporous m e ta l l i c  compound then  passed  
through th e  ho t carbon bed, where i t  was atom ized, 
and in to  th e  l i g h t p a t h ,  where a b so rp t io n  o ccu rred .
An a b s o rp t io n  peak was thus  recorded  a t  a time corresponding  
to t h a t  a t  which a p a r t i c u l a r  form o f  th e  m etal was 
v o l a t i l i z e d  from th e  p la tin u m  w ire .  The tem pera tu res  
a t  which th e se  peaks o ccu rred  were found to  be 
c h a r a c t e r i s t i c  of th e  in d iv id u a l  s a l t s  ana ly zed .
The p la tin u m  loop a to m ize r ,  u n f o r tu n a te ly ,  po ssessed  
s e v e ra l  in h e re n t  d i f f i c u l t i e s  which must be cons ide red  
shortcom ings o f  the te c h n iq u e .  These o b s e rv a t io n s  a re  
d isc u sse d  in  the n e x t  s e v e ra l  s e c t io n s .
b .  Loop Temperature
I t  was d i f f i c u l t  to  know th e  ex a c t  tem pera-
tu re  o f  the  p la tin u m  loop a t  any one p o in t  du ring  the  
h e a t in g  c y c le .  An a ttem p t was made to  m onito r  th e  
tem pera tu re  o f  the  w ire  as a fu n c t io n  o f  the  V ariac 
s e t t i n g  u s ing  an o p t i c a l  pyrom eter. The r e s u l t i n g  
h e a t in g  curve i s  p re se n te d  in  F igure  57. The exact 
tem pera tu re  o f  th e  loop a t  any one V ariac  s e t t i n g  was 
expected  to  vary  somewhat from one scan to  a n o th e r .
One cause of t h i s  v a r i a t i o n  may be a change in  the  
c o n d u c t iv i ty  o f  th e  p la tin u m  w ire  a f t e r  su c c e ss iv e  
h e a t in g  c y c le s .  The p la tin u m  seemed to  p h y s ic a l ly  
change a f t e r  s e v e ra l  h e a t in g  c y c le s  had been a p p l ie d ;  
i t  was found to  be p l i a b l e  and to  e a s i l y  lo s e  i t s  
shape when h e a te d .  This e f f e c t  could  be p a r t i a l l y  
c o u n te ra c te d  by b o i l i n g  the  w ire  loop in  w a te r  a f t e r  
s e v e ra l  scans had been completed. This p r a c t i c e  seemed 
to  len g th en  th e  l i f e t i m e  o f th e  p la tin u m  loop . The 
change in  c h a r a c te r  o f  the  w ire  upon h e a t in g ,  however, 
would cause v a r i a t i o n s  in  i t s  h e a t in g  response  during  
an a n a ly s is  c y c le .
An exac t correspondence between loop tem p era tu re  
and V ariac  s e t t i n g  a l s o  was d i f f i c u l t  to  o b ta in  due to  
th e  margin o f  e r r o r  in  m easuring tem p era tu re  u s in g  the  
o p t i c a l  pyrom eter. I t  was found to  be d i f f i c u l t  to  
focus the  pyrom eter on th e  sm all p la tin u m  lo o p . In 
a d d i t i o n ,  th e  tem pera tu re  range o f  th e  pyrom eter (750°- 
3500°C) made i t  im poss ib le  to  measure th e  tem pera tu re
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This f ig u r e  shows the  e s t im a te d  tem pera tu re  o f  the  p la tin u m  loop as a f u n c t io n  o f th e  Variac 
re a d in g  d u r in g  a h e a t in g  c y c le .  These tem p era tu res  were o b ta in e d  u s in g  an o p t i c a l  pyrom eter.
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o f  the  loop u n t i l  i t  was a t  l e a s t  r e d -h o t .  This tempera­
tu r e  was no t ach ieved  u n t i l  more than  ha lf-w ay  through 
the  h e a t in g  c y c le ,  a t  a V ariac read in g  o f  approxim ate ly  
55 u n i t s .  As a r e s u l t ,  th e  tem pera tu re  o f  occurrence  
o f  th o se  peaks which appeared  b e fo re  t h i s  p o in t  in  the 
h e a t in g  cyc le  could only  be e s t im a te d  from an e x t r a ­
p o la t io n  o f  the  curve in  F igure  57.
An a d d i t i o n a l  problem a ro se  when m easuring tem­
p e r a tu r e s  w i th in  th e  range o f  1100°-1300°C. These 
tem p era tu re s  were on th e  o u te r  edges o f  bo th  th e  low 
and h igh  tem p era tu re  s c a le s  o f  th e  o p t i c a l  pyrom eter.
When th e  loop was h e a te d  to  a tem pera tu re  w ith in  t h i s  
range , d i f f e r e n t  tem pera tu re  measurements were ob ta in ed  
u s ing  each s c a l e ,  and the measurements d i f f e r e d  by as 
much as 140°. T h e re fo re ,  i t  was d i f f i c u l t  to  o b ta in  
an a c c u ra te  tem pera tu re  read in g  w i th in  th e se  l i m i t s .
A f i n a l  c o n t r ib u t io n  to  v a r i a t i o n  in  loop tempera­
tu r e  r e s u l t e d  from th e  f a c t  t h a t  the  V ariac  was manually 
c o n t r o l le d  r a t h e r  than  be ing  m o to r-d r iv e n .
Because o f  the  d i f f i c u l t i e s  in  tem pera tu re  
measurement, i t  was co n s id e red  t h a t  th e  p o s i t i o n  o f  a 
g iven peak could  vary  by 2 to  4 u n i t s  (u s in g  th e  s e t t i n g  
o f  th e  V ariac  t ra n s fo rm e r  as a measure o f peak p o s i t i o n ) . 
Such v a r i a t i o n  may n o t  i n d i c a t e  a d i f f e r e n t  v a p o r iz a ­
t io n  tem p era tu re  n o r  a  d i f f e r e n t  chem ical form b e in g  
d e te c te d .
c. Sample S ize
The s i z e  o f  the  sample p icked  up by th e  
p la tin u m  loop d u r in g  su c c e ss iv e  a n a ly se s  was n o t  found 
to  be r e p ro d u c ib le .  This problem may be r e l a t e d  to  the  
p re v io u s ly  mentioned change in  th e  i n t e g r i t y  o f  the  
w ire  i t s e l f .  Upon r e p e a te d  h e a t in g  c y c le s ,  th e  p la tin u m  
became s o f t e r  and more p l i a b l e  and h e ld  i t s  shape l e s s  
r e a d i ly .  Any change in  th e  p r e c i s e  s iz e  o r  shape o f 
th e  loop would a l t e r  the  amount o f  sample t h a t  would 
be h e ld  w ith in  th e  loop by s u r f a c e  t e n s io n .
The v a r i a t i o n  in  th e  amount o f  sample p ick ed  up by 
the  loop was a m ajor f a c t o r  p re c lu d in g  th e  use o f  the  
p la tin u m  loop a to m ize r  f o r  q u a n t i t a t i v e  a n a ly s e s .  This 
problem w ith  sample s iz e  could  be minimized by m easuring 
an a l i q u o t  o f  the  s o lu t io n  to  be ana lyzed  and p la c in g  
i t  in  the  w ire  loop u s in g  a s y r in g e .  For q u a l i t a t i v e  
p u rp o ses ,  however, sam pling by means o f d ip p in g  the 
loop in to  the  s o lu t i o n  was co n s id e red  to  be s a t i s f a c t o r y .
d. S e n s i t i v i t y
I t  was observed  t h a t  th e  s e n s i t i v i t y  o f  
the  d u a l - s ta g e  a to m ize r  system  was s i g n i f i c a n t l y  
d ecreased  from t h a t  o f  th e  carbon bed a to m ize r  a lo n e .
The aqueous s o lu t io n s  ana lyzed  u s in g  th e  p la t in u m  loop 
were o f  10 and 100 ppm c o n c e n t r a t io n s  f o r  cadmium and 
l e a d ,  r e s p e c t iv e ly .  These s o lu t io n s  caused s ig n a l s  
o f  about 50% a b s o rp t io n .  I f  i t  was assumed t h a t  1 y l
o f  sample was co n ta in e d  in  th e  loop , th e  amount o f 
m e ta l  p r e s e n t  was approx im ate ly  1 x 10” 8 g o f  cadmium 
o r  1 x 10“ 7 g o f  l e a d .  The s e n s i t i v i t y  o f  the  loop 
a to m ize r  was th e r e f o r e  two to  th re e  o rd e rs  o f  magnitude 
l e s s  than  t h a t  r e p o r te d  f o r  th e  q u a r tz  "T" a to m iz e r .5
P a r t  o f  t h i s  d ec rease  in  s e n s i t i v i t y  could  be 
a t r r i b u t e d  to  the  f a c t  t h a t  th e  a b s o rp t io n  s ig n a l  was 
sp read  over  a  p e r io d  o f  about 4 m inutes du r in g  an 
a n a ly s is  c y c le .  A bsorp tion  t r a c e s  were reco rded  a g a in s t  
tim e, and such a w idening  o f  the  s ig n a l  meant t h a t  a 
g r e a t e r  t o t a l  amount o f  m eta l was n e c e ssa ry  to  produce 
an e a s i l y  d e te c te d  a b s o rp t io n .
I t  a l s o  was p o s s ib le  t h a t  some of th e  cadmium o r  
le a d  in  an aqueous s o lu t io n  may remain on th e  loop 
a f t e r  a n a ly s i s .  I f  cadmium o r  le a d  formed a s ta b le  
p la t in u m  compound o r  complex, i t  was p o s s ib le  t h a t  
p a r t  o f  th e  m eta l  atoms in tro d u c e d  onto  the  p la tinum  
loop could combine w ith  o r  adhere i r r e v e r s i b l y  to  the  
s u r fa c e  o f  th e  w ire .  This would p rev en t  them from be ing  
d e te c te d .  Although no ev idence  was found in  the  
l i t e r a t u r e  s u g g e s t in g  such compounds, a s tudy  was done 
o f  th e  s u r fa c e  o f  th e  p la t in u m  w ire ,  u s in g  ESCA, to  
d isc o v e r  w hether any cadmium was p r e s e n t  which had no t 
been removed du ring  r e s i s t a n c e  h e a t in g .  This s tudy  
w i l l  be d isc u s se d  in  a l a t e r  s e c t io n .
e .  N itro g en  Purge
I t  was observed  t h a t  th e  a b s o rp t io n  t r a c e s  
reco rded  f o r  v a r io u s  le a d  and cadmium s o lu t io n s  d i f f e r e d  
when n i t ro g e n  was and was n o t  p r e s e n t  in  th e  v i c i n i t y  
o f  th e  p la t in u m  lo o p .  I f  a i r  a lone was p u l le d  through 
the d u a l - s ta g e  a to m iz e r ,  i t  was found t h a t  the  
c h a r a c t e r i s t i c  a b s o rp t io n  t r a c e s  fo r  many in o rg a n ic  
s a l t s  d isa p p e a re d .  I n s t e a d ,  th e  t r a c e s  f o r  many o f the  
s o lu t io n s  looked a l i k e .  I t  was assumed t h a t  t h i s  
r e s u l t  was caused by the  fo rm ation  o f th e  m e ta l  oxide 
on the  p la t in u m  loop e a r ly  in  th e  h e a t in g  cy c le .  
V o l a t i l i z a t i o n  and d e te c t io n  o f  t h i s  oxide then became 
common to  s e v e ra l  m e ta l  s a l t s ;  s p e c ia t io n  c a p a b i l i t y  
was l o s t .  M aintenance o f  an i n e r t  atmosphere around 
th e  p la tin u m  loop p rev en ted  th e  fo rm ation  o f a common 
ox ide .
f .  E v ap o ra tio n  Peaks
I n t r o d u c t io n  o f the  w ire  loop co n ta in in g  a 
sample i n t o  the  top  o f  the  a tom izer  i n e v i t a b ly  caused 
an a b s o rp t io n  peak p r i o r  to  th e  s t a r t  o f  th e  h e a t in g  
program. I t  was b e l ie v e d  t h a t  t h i s  peak was th e  r e s u l t  
o f  th e  e v a p o ra t io n  o f  th e  so lv e n t  due to  the  h e a t  from 
th e  bed below. This i n i t i a l  peak d id  no t occur when 
m on ito ring  a b s o rp t io n  o f  a non—resonance w avelength ; 
t h e r e f o r e ,  i t  r e p re s e n te d  atom ic a b s o rp t io n  due to  
cadmium o r  l e a d .  The peak was u s u a l ly  sm all and s im i l a r
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between compounds; however, o c c a s io n a l ly  t h i s  evapora­
t io n  s ig n a l  was l a r g e  o r  odd ly -shaped . I t  was b e l ie v e d  
th a t  th e  shape and s i z e  o f t h i s  i n i t i a l  peak was a lso  
c h a r a c t e r i s t i c  o f  th e  p a r t i c u l a r  m eta l s p e c ie s  p r e s e n t .
However, s in c e  the  peak was caused by in d u c t iv e  
h e a t in g  from the bed , i t  was d i f f i c u l t  to  c o n t ro l  and 
r a r e l y  re p ro d u c ib le .  Prim ary a t t e n t i o n ,  t h e r e f o r e ,  
was p a id  to  the  a b s o rp t io n  peaks which o ccu rred  
during  the  c o n t r o l le d  h e a t in g  o f  th e  w ire  loop. I t  was 
p o s s ib le  t h a t  t h i s  spontaneous peak r e s u l t e d  from th e  
ra p id  e v a p o ra t io n  o f  th e  s o lv e n t  from th e  sample, 
perhaps s p u t t e r in g  some o f  th e  m etal components o f f  
th e  loop as v a p o r iz a t io n  o ccu rred .
2. A bsorp tion  Traces f o r  Lead and Cadmium Compounds 
The a b so rp t io n  t r a c e s  f o r  v a r io u s  le a d  and 
cadmium compounds were found to  d i f f e r  when aqueous 
s o lu t io n s  were ana lyzed  u s ing  th e  p la t in u m  loop 
a p p a ra tu s .  Table 25 summarizes th e  s p e c t r a l  d a ta  fo r  
th e se  v a r io u s  compounds as w e ll  as in fo rm a tio n  on t h e i r  
m e lt in g  and b o i l i n g  p o in t s .  The tem p era tu res  correspond ing  
to  a b s o rp t io n  p eak s ,  as  l i s t e d  in  Table 25, have been e s t im a te d  
from the  V ariac  s e t t i n g  a t  which they o ccu rred  u s ing  the 
h e a t in g  curve p re se n te d  in  F igure  57.
I t  was n o t ic e d  t h a t ,  among th e  cadmium s a l t s ,  the  
ab so rp t io n  t r a c e s  f o r  Cd(NC>3 ) 2 » CdC0 3  and CdS looked 
very  s im i l a r ,  as d id  the  t r a c e s  f o r  CdS04 , Cd(C2H3C>2)2
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Table 25
SUMMARY OF PLATINUM LOOP AND PHASE CHANGE DATA 
FOR SOME COMPOUNDS OF CADMIUM AND LEAD
Compound
Cd°
T ra n s i t io n  
Tempe r a t  ure ( ° C)6 6
b .p .  765
Temperatures Corresponding 
to  A bsorption  Peaks (°C)
Cd(N03) 2
CdC03
CdS
m.p. 350 
d. < 500 
s u b l .  980
850
900
800
CdSOi*
Cd(C2H302) 2 
CdO
m.p. 1000 
m.p. 2 5 6 ,d.
d. 900-1000 
s u b l .  1559
700,800
700,850,1000
600,800,950
CdCl2
Cdl2
b .p .  960 
b .p .  796
600,800-900
450,950
Pb° b .p .  1740
Pb(N03) 2 d. 470 1100
Pb(C2H302)2 ni.p. 280 1100
PbO m.p. 886 b a s e l in e  s h i f t , >900
Pb02 d. 290 b a s e l in e  s h i f t , >900
Pb3 0 4  d. 500 b a s e l in e  s h i f t , >900
PbC03 d. 135 none d e te c te d
PbSOit m.p. 1170 none d e te c te d
PbCl2 b .p .  950 650,1100
and CdO. This in d ic a te d  fo rm ation  o f  a  common compound 
on th e  p la tinum  loop f o r  each o f  th e se  groups o f  
s a l t s ,  w ith  subsequent a to m iz a t io n  o f  t h a t  compound. 
Among the  le a d  compounds, s p e c t r a l  s i m i l a r i t i e s  were 
n o t ic e d  between Pb(N0 3 ) 2  and Pb( 0 2 1 1 3 0 2 ) 2  as  w e ll  as 
f o r  th e  th r e e  le a d  ox id es  ana lyzed  (PbO, Pb02, and 
Pb3 0 it). Again, t h i s  in d ic a te d  v o l a t i l i z a t i o n  o f  some 
common s p e c ie s  f o r  each group o f  compounds.
In  c o n t r a s t ,  th e  c h lo r id e  s a l t  f o r  both  le a d  and 
cadmium, as  w e l l  as th e  io d id e  o f  cadmium, appeared 
markedly d i f f e r e n t  from a l l  o th e r  a b so rp t io n  t r a c e s .
In each case ,  th e  spectrum  showed two d i s t i n c t  peaks , 
one a t  low tem p era tu re  and one a t  h ig h e r  tem p era tu re .  
The shapes o f th e  s p e c t r a  reco rded  fo r  PbCl2  and CdCl2  
were s im i l a r ;  i t  can be seen from th e  d a ta  in  Table 25 
t h a t  t h e i r  b o i l i n g  p o in t s  were a ls o  very  c lo se  in  
v a lu e .  The b o i l i n g  p o in t  o f  Cdl2 , however, was found 
to  be approx im ate ly  150°C below th o se  f o r  th e  c h lo r id e  
compounds. C orrespond ing ly , i t  was observed  th a t  the  
low tem p era tu re  a b s o rp t io n  peak f o r  Cdl2  o ccu rred  
e a r l i e r  than  th o se  f o r  th e  c h lo r id e s .
No a b s o rp t io n  s ig n a l s  were reco rded  f o r  PbC0 3  o r  
PbSOi*. This i n d ic a te d  t h a t  th e  amount o f  th e  s a l t  in  
s o lu t io n  was below th e  d e te c t io n  l i m i t  of th e  p la tin u m  
loop te c h n iq u e .  A lthough, a s  was p re v io u s ly  d isc u s se d ,  
th e  s e n s i t i v i t y  o f  t h i s  tech n iq u e  was much below th a t
f o r  carbon bed atom ic a b s o rp t io n ,  i t  was s ig n i f i c a n t  
t h a t  s ig n a l s  were o b ta in e d  f o r  s a tu r a t e d  s o lu t io n s  
o f  s e v e ra l  in s o lu b le  s a l t s .  A bsorp tion  was d e te c te d  
f o r  s a tu r a te d  s o lu t io n s  o f  CdC0 3 , CdS, and CdO. The 
c o n c e n tra t io n s  o f th e se  compounds in  s o lu t io n  could  be 
e s t im a te d  to  be between 1 and 10 ppm Cd.
There were s e v e ra l  s i m i l a r i t i e s  between th e  s e l e c t i v e
v o l a t i l i z a t i o n  techn ique  u s ing  the  p la t in u m  loop and the  
tech n iq u es  o f  therm al a n a ly s i s .  In each o f  th ese  
te c h n iq u e s ,  a sample i s  s u b je c te d  to  a co n s ta n t  r a t e  
o f  h e a t in g .  In  therm al a n a l y s i s ,  o f  co u rse ,  th e  sample
i s  exposed to  a c o n s ta n t  in c r e a s e  in  tem p era tu re  and
any t r a n s i t i o n  which absorbed  o r r e le a s e d  h e a t  would 
be d e te c te d .  The p la t in u m  loop method, in  c o n t r a s t ,  
d e te c te d  only v o l a t i l i z a t i o n  o f  th e  m eta l  s p e c ie s  of 
i n t e r e s t .  The p la t in u m  loop a ls o  was used in  th e  
a n a ly s i s  o f  s o lu t io n s  w hile  therm al a n a ly s i s  i s  
commonly a p p l ie d  to  s o l i d  samples. However, bo th  
te c h n iq u e s  a re  capab le  o f  d e te c t in g  v a p o r iz a t io n  o r  
decom position o f  the  sample.
DTA thermograms were o b ta in e d  f o r  fo u r  o f  th e  m eta l  
s a l t s  ana lyzed . U n fo r tu n a te ly , i t  was d i f f i c u l t  to  
make d i r e c t  comparison between the  two types  o f  s p e c t r a  
f o r  s e v e ra l  re a so n s .
F i r s t  o f  a l l ,  phase changes were d e te c ta b le  by 
DTA bu t no t by th e  m e t a l - s p e c i f i c  techn ique  o f
p la tin u m  loop-AAS. This  r e s u l t e d  in  a much more complex 
t r a c e  from DTA a n a ly s i s .  Secondly , a  DTA thermogram, 
in  most c a s e s ,  reco rd ed  changes in  th e  sample up 
to  approx im ate ly  800°C. Many o f th e  a b s o rp t io n  peaks 
o b ta in ed  u s in g  the  p la t in u m  loop tech n iq u e  o ccu rred  
a t  tem p era tu re s  over  t h i s  v a lu e .  T h i rd ly ,  th e  p la tin u m  
loop was h e a te d  such t h a t  th e r e  was a co n s ta n t  in c re a s e  
in  th e  v o l ta g e  p a s s in g  through th e  p la t in u m  f i la m e n t .
This d id  n o t n e c e s s a r i l y  co rrespond  to  a c o n s ta n t  
in c re a se  in  th e  tem p era tu re  o f  th e  loop . The spectrum  
reco rd ed ,  t h e r e f o r e ,  would be ex p ec ted  to  d i f f e r  from 
t h a t  reco rded  by DTA.
I t  appeared  t h a t  a l th o u g h  s i m i l a r i t i e s  could  be 
drawn between the  tech n iq u es  o f  d u a l -a to m iz e r  AAS 
and DTA, im portan t d i f f e r e n c e s  in  th e  d e te c t io n  and 
a n a ly s i s  c o n d i t io n s  o f  th e  two p ro c e sse s  made i n t e r ­
comparison o f  s p e c t r a l  d a ta  d i f f i c u l t .
3. E f f e c t  o f  EDTA
EDTA was added to  s o lu t i o n s  o f  CdCl2  and Pb(N0 3 ) 2  
to  observe th e  e f f e c t  o f  t h i s  complexing agen t on the  
a b so rp t io n  t r a c e s .  In  comparing th e  t r a c e s  o f  CdCl2  
p lu s  EDTA (F ig u re s  49 and 50) to  t h a t  o f  pure  CdCl2  
(F igure  33 ) ,  i t  was e v id e n t  t h a t  th e  i n i t i a l ,  low 
tem p era tu re  peak which o c c u r re d  a t  app rox im ate ly  600°C 
was d ecreased  in  s i z e  compared to  t h a t  which o ccu rred  
a t  a  h ig h e r  tem p era tu re  range (800°-900°C ). This
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e f f e c t  a lso  was m agn ified  when th e  m olar r a t i o  o f  Cd:EDTA 
was changed from 1 :1 /2  to  1 :4 .  This in d ic a te d  t h a t  
some s p e c ie s  o f  cadmium p re s e n t  in  th e  c h lo r id e  s o lu t io n  
was removed by th e  complexing a g e n t .  I t  was s i g n i f i ­
can t  t h a t  th e  o v e r a l l  shape o f  th e  a b s o rp t io n  t r a c e  was 
unchanged a f t e r  th e  a d d i t io n  o f  EDTA.
The t r a c e s  o f  Pb(NC>3 ) 2  p lu s  EDTA (F igu re  51) and 
o f  pure Pb(N0 3 ) 2  (F igure  42) had th e  same appearance 
ex cep t t h a t  th e  a b s o rp t io n  peak o ccu rred  a t  a lower 
v o l ta g e  f o r  the  s o lu t io n  c o n ta in in g  EDTA. I t  was 
n o t  c e r t a i n  w hether t h i s  peak s h i f t  was due to  th e  
complexing agent o r  was th e  r e s u l t  o f  a change in  o th e r  
a tom izer  c o n d i t io n s .
4. B io lo g ic a l  Samples
Samples o f  whole b lood  c o n ta in in g  EDTA as an 
a n t i - c o a g u la n t  were ana lyzed  us ing  th e  p la t in u m  loop 
a p p a ra tu s .  I t  was hoped th a t  th e  use o f  such a te c h ­
n ique  would in d ic a te  w hether more th an  one form of a 
m e ta l ,  such as cadmium o r  l e a d ,  e x i s t e d  in  the  
b loodstream . The s p e c t r a  o b ta in e d  (F ig u re s  52 and 53) 
in d ic a te d  t h a t  more than  one form o f  le a d  and cadmium 
may be p r e s e n t ,  b u t  t h a t  one type o f  compound dominates 
fo r  each m e ta l .  I t  a l s o  appeared  t h a t  the  dominant 
peaks o c c u r re d  a t  th e  same p o s i t i o n s  in  th e  spectrum  
as  d id  the  low tem p era tu re  peaks f o r  PbCl2  and CdCl2 .
Although t h i s  d a ta  could  n o t  be p re se n te d  as 
co n c lu s iv e  ev idence th a t  the  m a jo r i ty  o f  le a d  and cadmium 
in  th e  b loodstream  e x i s t s  in  th e  c h lo r id e  form, t h i s  
su g g e s t io n  d id  no t seem i l l o g i c a l .  C hloride  i s  by 
f a r  the  predominant an ion  in  the  b lood plasma (Table 1 ) .
The p o s s ib le  e x is te n c e  o f  o th e r  forms o f  cadmium 
and le a d  in  whole b lood  were in d ic a te d  by o th e r ,  sm a l le r  
peaks in  bo th  s p e c t r a ;  th e se  peaks o ccu rred  a t  h ig h e r  
tem pera tu re  than  d id  the  m ajor peak.
A r a t h e r  la rg e  peak o ccu rred  a t  th e  end o f the 
a n a ly s is  o f whole b lood  f o r  le a d  when a i r  was drawn 
through the  a to m ize r  to  complete o x id a t io n  o f  th e  
sample (F igure  53) . This may in d ic a t e  a form of le a d  
p re se n t  in  b lood which d id  n o t  v a p o r iz e  from th e  
p la tin u m  loop under n i t r o g e n .
A background scan f o r  each m eta l  was perform ed 
on whole b lood samples u s in g  a non-resonance l i n e  
e m it te d  by th e  a p p ro p r ia te  hollow  cathode lamp. In 
th e  case  o f  b o th  cadmium and l e a d ,  l i t t l e  background 
m olecu lar  a b so rp t io n  was observed . This proved th a t  
th e  s ig n a l s  reco rd ed  a t  the  resonance w avelengths 
were indeed  due to  m e t a l l i c  s p e c ie s  p re s e n t  in  th e  
sam ple.
The re c o rd in g  o f  such h ig h  s ig n a l s  f o r  cadmium 
and le a d  in  whole b lood  was unexpected . In th e  a n a ly s is  
o f  aqueous cadmium and le a d  s a l t s ,  s o lu t io n s  o f  con-
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c e n t r a t io n s  o f  10 and 100 ppm were n e c e s sa ry  to  y i e ld  
s ig n a l s  o f  approx im ate ly  50% a b s o rp t io n .  In  c o n t r a s t ,  
th e  l e v e l s  o f  th e se  m e ta ls  in  whole b lood were known 
to  be in  th e  ppb ra n g e ,  th re e  o rd e rs  o f  magnitude 
below the  aqueous s ta n d a rd s  used. This in d ic a te d  t h a t  
a d i f f e r e n t  v a p o r iz a t io n  mechanism was b e in g  observed 
f o r  the two types  o f  samples.
I t  was p o s s ib le  t h a t  some component in  th e  blood
m atr ix  g r e a t ly  in c re a se d  th e  e f f i c i e n c y  o f  v a p o r iz a t io n  
and a to m iza t io n  o f  cadmium and le a d  from the  p la tin u m  
lo o p . I t  a l s o  was p o s s ib le  t h a t  v a p o r iz a t io n  and 
a to m iz a t io n  o f  aqueous le a d  and cadmium from th e  
p la tin u m  loop was made ex trem ely  i n e f f i c i e n t  by some 
i n t e r a c t i o n  between th e  p la tin u m  and the  m eta l b e ing  
determ ined . To in v e s t i g a t e  t h i s  p o s s i b i l i t y ,  an 
ESCA spectrum  was o b ta in ed  o f  the  s u r fa c e  o f  the  
p la tin u m  w ire  in  o rd e r  to  d isc o v e r  i f  any m etal had 
adhered  to  th e  s u r fa c e  o f th e  loop . This s tudy w i l l  be 
f u r t h e r  d isc u sse d  in  the  n ex t  s e c t io n .
Urine and sweat samples a l s o  were analyzed  by the
p la tinum  loop te c h n iq u e .  U n fo r tu n a te ly ,  no a b so rp t io n  
was reco rded  due to  cadmium f o r  e i t h e r  specimen. The 
l e v e l  o f  cadmium in  u r in e  and sweat was known to  be 
between 10 and 100 ppb, which was n o t  s i g n i f i c a n t l y  
d i f f e r e n t  than  t h a t  In  whole b lood . Yet th e r e  was a 
g r e a t  d i f f e r e n c e  in  th e  l e v e l  o f  a b s o rp t io n  due to
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cadmium between th e se  samples u s ing  th e  p la tin u m  lo o p . 
O bviously , the  e f f e c t  which caused an in c re a se d  e f f i c i e n c y  
in  th e  d e te c t io n  o f  cadmium in  whole b lood was n o t 
observed  in  the  a n a ly s i s  o f  u r in e  o r  sweat sam ples, n o r  
in  th e  a n a ly s i s  o f aqueous cadmium s o lu t io n s .
5 . ESCA S tu d ie s
The r e s u l t s  o f  th e  ESCA s tu d ie s  o f the  p la tinum  
loop from th e  d u a l - s ta g e  a tom izer  were very  d is a p p o in t in g .  
The s ig n a l s  o b ta in e d ,  even f o r  e lem en ta l  p la tinum , 
were o f  unexpected ly  low i n t e n s i t y ,  i n d i c a t in g  poor 
s e n s i t i v i t y  fo r  t h i s  type o f  sample.
The f a c t  t h a t  no s ig n a l  was observed  f o r  cadmium 
in  t h i s  scan o f  the p la t in u m  loop d id  no t prove nor  
d isp ro v e  the  p resence  o f cadmium on th e  loop . The reason  
f o r  th e  poor s e n s i t i v i t y  in  t h i s  s tudy was n o t  im m ediately  
a p p a ren t .
6. Fu ture  D ire c t io n s
S ev e ra l  improvements cou ld  be made on th e  d u a l­
a to m ize r  system  f o r  m eta l s p e c ia t io n  u s in g  atom ic abso rp ­
t i o n .  The most obvious o f  th e se  improvements would be 
to  d ev ise  a  sampling p rocedure  which would len d  i t s e l f  
to  q u a n t i t a t i v e  a p p l i c a t i o n s .  This could  be accom plished , 
as m entioned e a r l i e r ,  by ap p ly in g  th e  sample to  the 
i n i t i a l  a to m iz a tio n  s ta g e  in  measured a l i q u o t s  u s ing  
a s y r in g e .  An a l t e r n a t e  m eta l which would m a in ta in  i t s  
i n t e g r i t y  a f t e r  s e v e r a l  h e a t in g  c y c le s  would a l s o  be
advantageous in  o rd e r  to  minimize d i f f e r e n c e s  in  
h e a t in g  e f f i c i e n c y  between sample ru n s .
A method o f  au to m a tic  tem p era tu re  programming would 
in c r e a s e  the  r e p r o d u c i b i l i t y  o f  th e  te c h n iq u e .  Develop­
ment o f o p t i c a l  tem p era tu re  c o n t r o l  so t h a t  a c o n s ta n t  
r a t e  o f  tem p era tu re  in c re a se  could  be m ain ta in ed  would 
be o f  b e n e f i t .  A tem p era tu re  program o f  t h i s  type 
would enab le  a d i r e c t  c o r r e l a t i o n  between tim e (measured 
from th e  s t a r t  o f  th e  h e a t in g  program) and te m p era tu re ;  
i n t e r p r e t a t i o n  o f  s p e c t r a  would be g r e a t l y  s im p l i f i e d .
In c re a s in g  th e  s e n s i t i v i t y  o f  th e  techn ique  a lso  
would be h ig h ly  d e s i r a b l e .  This  improvement may be 
b e s t  accom plished by re d e s ig n  o f  th e  f i r s t  a to m iza t io n  
(or v a p o r iz a t io n )  s ta g e  o f  th e  dual a to m ize r .  An 
a l t e r n a t e  design  in  which bo th  s ta g e s  o f  th e  a tom izer  
were f a b r i c a t e d  from carbon rods  has been re p o r te d  by 
an o th e r  member o f  t h i s  r e s e a rc h  g ro u p .57 This des ign  
overcomes bo th  th e  problem o f  in ad eq u a te  s e n s i t i v i t y  
and t h a t  o f  an a to m iz a t io n  tem p era tu re  l i m i t .  The 
a p p l i c a t i o n  o f  th e  p la t in u m  loop-ca rb o n  bed dual s ta g e  
a tom izer  was l im i te d  b o th  by th e  m e l t in g  p o in t  o f  th e  
q u a r tz  a tom izer  c e l l  (1650°C) and the  m e lt in g  p o in t  o f 
the p la tin u m  w ire  (1750°C). An a to m ize r  made o f  carbon 
o r  a more h e a t - s t a b l e  m e ta l ,  such as  molybdenum, would 
allow  h e a t in g  to  te m p era tu re s  o f  2200°-2300°C, th e reb y  
expanding the number o f  heavy m e ta ls  which could  be
determ ined  by t h i s  te c h n iq u e .
CONCLUSIONS AND SUMMARY
1. The d u a l - s ta g e  a to m iz a t io n  tech n iq u e  e x h ib i te d  much 
promise in  th e  s p e c ia t io n  o f  heavy m eta ls  by atom ic 
ab so rp t io n  sp e c tro sc o p y .  D if fe re n c e s  between heavy 
m eta l compounds were observed . Whole b lood samples were 
an a ly zed ; th e  s p e c t r a  in d ic a te d  one predominant form
o f  le a d  and o f  cadmium in  th e  b lood .
2. F u r th e r  re f in em en t o f  th e  p la t in u m  loop tech n iq u e  
could le a d  to  q u a n t i t a t i v e  s tu d ie s  whereby th e  p ro ­
p o r t io n  o f  v a r io u s  compounds in  a sample could  be 
determ ined. In c re a se d  r e p r o d u c i b i l i t y  o f  th e  tech n iq u e  
could r e s u l t  in  th e  a b i l i t y  to  i d e n t i f y  m eta l s p e c ie s  
by the  c h a r a c t e r i s t i c  a b s o rp t io n  t r a c e .  This would be
o f  g re a t  va lue  in  th e  s tudy  o f  b i o l o g i c a l  samples because 
o f  th e  f a c t  t h a t  the  r e l a t i v e  b e n e f i t  o r  t o x i c i t y  o f 
m e ta ls  in  th e  body i s  known to  be dependent on t h e i r  
chem ical form. The use o f atomic a b s o rp t io n  f o r  the  
i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  such s p e c ie s  in  
body f l u i d s  would be a  s im p le ,  r a p id ,  and dependable 
means o f  o b ta in in g  much v a lu a b le  c l i n i c a l  in fo rm a tio n .
GENERAL CONCLUSIONS
In  summary, the  fo llo w in g  g e n e ra l  co n c lu s io n s  can 
be made.
1. Atomic a b s o rp t io n  sp ec tro sco p y  u s in g  th e  carbon bed 
a to m ize r  was shown to  be a s u c c e s s fu l  techn ique  f o r  
the  d i r e c t  d e te rm in a tio n  o f cadmium in  b i o l o g i c a l  
m a te r i a l s .  The techn ique  was used s u c c e s s fu l ly  in  the 
d i r e c t  a n a ly s i s  o f  whole b lo o d ,  u r in e ,  p e r s p i r a t i o n ,  
h a i r ,  and b r e a th  sam ples. The l i q u i d  samples (b lood , 
u r in e ,  and p e r s p i r a t i o n )  were in tro d u c e d  in to  th e  carbon 
bed on 6-mm f i l t e r  p a p e r  d i s k s .  H air  and b r e a th  samples 
re q u i re d  no sample i n t r o d u c t io n  v e h ic le .
Use o f th e  carbon bed a to m ize r  to g e th e r  w ith  sample 
in t ro d u c t io n  on a f i l t e r  paper  d isk  had s e v e ra l  
adv an tag es .  There was a more complete d eg ra d a t io n  of 
the  o rg an ic  m a tr ix  i n  b i o l o g i c a l  sam ples; t h i s  su c c e ss ­
f u l l y  reduced m o lecu la r  background. The techn ique  a lso  
was s u f f i c i e n t l y  s e n s i t i v e  so t h a t  cadmium c o n c e n tra t io n s  
o f  th e  o rd e r  o f  10 ppb could  be d e te c te d  u s in g  only  
1 y l  o f  sample. The d e sc r ib e d  method, t h e r e f o r e ,  
avoided  many o f  th e  e r r o r s  a s s o c ia te d  w ith  sample 
p re t re a tm e n t  o r  p r e c o n c e n t ra t io n  s t e p s ,  which were 
common in  o th e r  a n a l y t i c a l  p ro c e d u re s .  No re a g e n ts  were 
added to  the  sample, which p re v e n te d  p o s i t i v e  e r r o r s  
due to  co n tam in a tio n .  In  a d d i t i o n ,  no sample was l o s t  
due to  t r a n s f e r  o r  due to  h e a t in g  in  d ry -a sh in g  s ta g e s .
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These so u rces  o f  n e g a t iv e  e r r o r s  thus were avoided.
The techn ique  was s im ple and a n a ly s is  r a p id .
2. The carbon b e d - f i l t e r  paper  d isk  technique  can be 
a p p l ie d  to  o th e r  m e ta ls  which a re  v o l a t i l e  a t  tempera­
tu r e s  below 1550°C.
3. The c o n c e n tra t io n  o f  cadmium in  the  whole blood of 
a group o f  in d iv id u a l s  n o t  o c c u p a t io n a l ly  exposed to  
the  m eta l  was found to  be between 1 and 25 ppb, w ith  a 
mean c o n c e n tra t io n  o f  10 ppb. The average c o n c e n tra t io n  
o f  cadmium in  the  b lood o f smokers was h ig h e r  than the 
average c o n c e n t ra t io n  f o r  nonsmokers.
4. The average cadmium c o n c e n tra t io n  in  the  u r in e  o f  a 
group o f in d iv id u a l s  no t o c c u p a t io n a l ly  exposed was 
found to  be approx im ate ly  20 ppb.
5 . The average c o n c e n tra t io n  o f  cadmium in  th e  p e r s p i r a ­
t io n  o f  th e  same group of non-exposed in d iv id u a ls  was 
approx im ate ly  8A ppb.
6. The c o n c e n t ra t io n  o f  cadmium in  bo th  th e  u r in e  and 
th e  sweat o f  an in d iv id u a l  was found to  vary  on a d a y - to -  
day b a s i s .
7. The m a tr ix  e f f e c t s  o f  u r in e  and sweat samples were 
observed  to  be s im i l a r .  This o b s e rv a t io n  was based  on 
the  f a c t  t h a t  s ta n d a rd  a d d i t io n  c a l i b r a t i o n  curves  f o r  
the  two types  o f  sam ples , c o l l e c t e d  from one s u b je c t ,  
were n e a r ly  p a r a l l e l .  This in d ic a te d  t h a t  th e  cadmium 
e x c re te d  in  th ese  f l u i d s  may be in  th e  same chem ical form.
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In  a d d i t io n ,  i t  was observed in  g e n e ra l  t h a t  an 
in c re a s e  o r  d ec rease  in  the  cadmium c o n c e n tra t io n  in  one 
f l u i d  (u r in e  o r sweat) was r e f l e c t e d  in  a co rrespond ing  
change in  th e  o th e r  f l u i d .  This in d ic a te d  th a t  an 
in c r e a s e  o r  d ec rease  in  t o t a l  cadmium e x c re t io n  was 
r e f l e c t e d  in  bo th  o f  th e se  e x c re to ry  pathways.
8. Cadmium i n  the  h a i r  seemed to  r e s u l t  b o th  from 
e x c r e t io n  from w i th in  th e  body and from a d so rp t io n  from 
env ironm en ta l  s o u rc e s .  Cadmium found in  the  h a i r  
segments n e a r e s t  th e  ro o t  most n e a r ly  r e p re se n te d  
e x c re te d  cadmium, w h ile  th a t  measured n e a r  the end o f 
the h a i r  s t r a n d  r e f l e c t e d  e n v i ro n m e n ta l ly -c o n tr ib u te d  
cadmium. The cadmium c o n c e n tra t io n  in c re a se d  w ith  
in c r e a s in g  d i s ta n c e  from th e  ro o t .
9. The average c o n c e n tra t io n  o f  cadmium a t  th e  ro o t  
of th e  h a i r  was found to  be 0 .3  ppm fo r  a group of 
i n d iv id u a l s  n o t  o c c u p a t io n a l ly  exposed to  cadmium. This 
was co n s id e red  to  be a measure o f the e x c re t io n  of 
cadmium from th e  body through the  h a i r .  The c o n c e n tra t io n  
o f  cadmium a t  th e  ro o t  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  
between males and fem ales.
10. The in c re a s e  in  cadmium c o n c e n tra t io n  p e r  u n i t  
l e n g th  a long  the  h a i r  s t r a n d  d i f f e r e d  between i n d iv id u a l s .  
On the  av e rag e ,  the  in c r e a s e  p e r  u n i t  le n g th  fo r  males 
was l e s s  than t h a t  f o r  fem ales .  This in d ic a te d  t h a t
the  amount o f  cadmium found a t  th e  end o f  the  h a i r  s t r a n d
was n o t  dependent s o le ly  on th e  t o t a l  l e n g th  o f  the  
s t r a n d .  The In c re a s e  in  cadmium c o n c e n tra t io n  over th e  
le n g th  o f the  h a i r  d id  n o t  appear to  be l i n e a r .
11. No c o n c e n tra t io n  was observed  between the  co n cen tra ­
t io n  o f  cadmium in  th e  u r in e  and th a t  i n  the  sw eat.
However, th e  d a ta  o b ta in e d  fo r  two s u b je c ts  in d ic a te d  
t h a t  a c o r r e l a t i o n  may e x i s t  between th e  e x c re t io n  o f  
cadmium through th e  sweat and through th e  h a i r  in  man.
12. The c o n c e n tra t io n  of cadmium in  th e  b r e a th  was 
too low to  be d e te c te d  in  a 2 - l i t e r  sample u s ing  the  
q u a r tz  "T" a tom ize r .  The c o n c e n tra t io n  was t h e r e fo r e  
l e s s  than  10_lt yg/m3.
13. Using the  d a ta  accum ulated in  t h i s  r e se a rc h  and 
th a t  found in  the  l i t e r a t u r e ,  th e  average d a i ly  e x c re t io n  
o f  cadmium through body t i s s u e s  and f lu i d s  could be 
e s t im a te d .  The fo llo w in g  d a i ly  e x c r e t io n s  were 
e s t im a te d  based  on th e  s tu d ie s  re p o r te d  in  t h i s  d i s s e r t a t i o n
u r in e  30 yg/day
sweat 120 yg/day
h a i r  0 .2  yg/day
The d a i ly  e x c re t io n  o f cadmium through  the  fe c e s  has been 
e s t im a te d  to  be 31 yg /day2(^6 and 42 y g /d a y .^ 07 Fecal 
t i s s u e  was n o t  ana lyzed  in  t h i s  r e s e a r c h .  This t i s s u e  
i s  ex trem ely  complex in  i t s  c o n te n t .  I t  i s  w e l l  known 
t h a t  th e  e x c re t io n  o f  many su b s tan ces  in  th e  fe c e s  i s  
h ig h ly  v a r i a b le  and very  dependent on th e  in ta k e  o f
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th a t  su b s ta n c e .  Much o f  th e  cadmium t h a t  e n te r s  the  
body i s  b e l ie v e d  to  be e x c re te d  through th e  fe ces  
w ith o u t a b s o r p t i o n .19 T h e re fo re ,  th e  c o n c e n tra t io n  
o f  cadmium in  the fe c e s  may n o t  r e f l e c t  cadmium e x c re te d  
from w ith in  the body, b u t  r a t h e r  t h a t  cadmium which 
passed  through th e  g a s t r o i n t e s t i n a l  t r a c t  w ith o u t being  
absorbed. N e v e r th e le s s ,  the  cadmium c o n ten t  o f 
feces  must be in c lu d ed  in  any c o n s id e ra t io n  o f the  
ba lan ce  between d a i ly  in ta k e  and e x c re t io n  o f the 
m eta l .
There a re  o th e r  p o s s ib le  means o f  lo s s  o f  cadmium 
from the  body; f o r  example, through sk in  l o s s ,  s a l i v a ,  
n a i l s ,  and m ucous.51 These modes o f  l o s s ,  however, 
were co n s id e red  to  be minor compared to  lo s s e s  
through u r in e ,  sw eat,  and f e c e s .  Indeed , th e  e x c re t io n  
of cadmium through th e  h a i r  (0 .2  yg/day) was found to  
be i n s i g n i f i c a n t  when compared to  th e se  o th e r  p o s s ib le  
modes o f  lo s s .
T h e re fo re ,  the t o t a l  d a i ly  e x c re t io n  o f  cadmium 
from th e  body can be e s t im a te d  to  be about 180 yg/day.
There has been much c o n f l i c t i n g  d a ta  concerning  
the  average d a i ly  in ta k e  o f  cadmium; p u b l ish e d  e s t im a te s  
in c lu d ed  90 y g /d a y ,208 170 y g /d a y ,207 and 200-500 yg/day 
I t  was expec ted  t h a t  d a i ly  in ta k e  would vary  w ide ly ,  
depending p r im a r i ly  on the  d i e t .  The accum ulated d a ta  
in d ic a te d  t h a t ,  on the  av e rag e , an in d iv id u a l  who i s
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n o t  o c c u p a t io n a l ly  exposed to  cadmium w i l l  e x c re te  each 
day an amount o f  the m eta l which i s  roughly e q u iv a le n t  
to  the  average d a i ly  in ta k e .  Of c o u rse ,  many f a c to r s  
can in f lu e n c e  bo th  d a i ly  in ta k e  and e x c re t io n  o f cadmium. 
However, t h i s  d a ta  in d ic a te d  t h a t  th e  h a l f - l i f e  of 
cadmium in  the  human body i s  c o n s id e ra b ly  l e s s  than 20-40 
y e a r s ,  as r e p o r te d  in  the  l i t e r a t u r e . 19
I t  i s  p o s s ib le  t h a t  an e q u i l ib r iu m  e x i s t s  between 
the  body burden o f cadmium and th e  d a i ly  e x c r e t io n ;  
t h i s  e q u i l ib r iu m  i s  l i k e l y  to  d i f f e r  between in d iv id u a l s .  
14. The p la tin u m  loop-carbon  bed dual s ta g e  a tom izer  
e x h ib i te d  promise as a means o f  s p e c i a t io n  o f  heavy 
m eta ls  by atomic a b s o rp t io n  sp ec tro sco p y .  D if fe re n c e s  
were observed  between th e  a b s o rp t io n  t r a c e s  o f s o lu t io n s  
o f  d i f f e r e n t  le a d  and cadmium compounds. In  a d d i t io n ,  
whole b lood could  be ana lyzed  u s in g  t h i s  a p p a ra tu s ;  
th e  s p e c t r a  in d ic a te d  one predom inant form of le a d  and 
o f  cadmium in  th e  b lood .
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